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THE PAIN THRESHOLD FOR MICROWAVE AND 
INFRA-RED RADIATIONS 


| By H. F. COOK 
From the Department of Physics Applied to Medicine, The Middlesex 
Hospital, London, W.1. 


(Received 2 November 1951) 


In recent years investigations of the tolerance limits of the human body for 
infra-red radiations have been made by several workers. Lloyd-Smith & 
Mendelssohn (1948), with the therapeutic use of radiant heat in mind, 
determined the maximum radiation intensity which could just be tolerated 
by epigastric and interscapular skin areas during prolonged exposure. Their 
results were in good agreement with those of earlier workers oe & 
Foster, 1937; Mayneord & Tulley, 1943). 

The infra-red technique described by Hardy, Wolff & Goodell (1940) has 
been widely used in investigations of pain, and of the effect of drugs upon the 
pain threshold. Recently, Gregg (1951) has provided a physical basis for this 
method of stimulating pain, and has also published skin temperatures at 
which burning pain is felt. : 

Whyte (1951) has also investigated the pain threshold for infra-red radiation. 
He shows that the temperature at which pain is felt is unaffected by the 
administration of aspirin and morphine. On the other hand, as also shown by 
previous workers, the amount of absorbed energy to produce pain increases _ 
with the administration of drugs. 

Investigations into the use of microwaves as a therapeutic thermogenic 
agent have been proceeding for some time. Krusen (1950) has reviewed much 
of the work carried out in the U.S.A., while Boyle and co-workers (Boyle, 
Cook & Buchanan, 1950; Boyle, Cook & Wolfe, 1952) have reported on 
investigations in this country. Little attention has so far been given to the 
tolerance limits of the body for microwave radiation. The purposes of this 
paper are (a) to present results obtained for the threshold for microwaves of 
10 cm wave-length, (b) to provide a physical analysis of the results, and (c) to 
extend the physical analysis to the pain threshold work carried out by others 
using infra-red radiation. 
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METHOD OF MICROWAVE EXPOSURE 


thermal conductor, through which the incident radiation passed. This procedure was adopted to 
facilitate the measurement of mi¢trowave intensity and skin temperature. 

The microwave radiation used was of 10cm free-space wave-length (frequency =3 x 10° c/s) 
and was transmitted from the magnetron source through a rectangular wave-guide (3 x 1 in.) to the 
exposure applicator. In the wave-guide run were included a feed-through wattmeter (calibrated 
against a water calorimeter) to measure radiation power, and a ‘matching’ section to ensure that 
all the measured radiation was transmitted through the skin of the exposed area. 

The interchangeable exposure applicators terminating the wave-guide were (a) a flare providing 
@ rectangular aperture of 7-6 x 7 cm, and (b) a rectangular wave-guide section giving an aperture 
of 3-8 x 2-5 om. Cork and Perspex respectively were used to fill the applicators, thus providing 
smooth surfaces flush with the aperture. 

Skin temperatures were measured during exposure by a wire thermojunction (copper-con- 
stantan, 40 s.w.g.) at the central point of the exposed area. This junction was fixed to the appli- 
cator, the wires being stretched across the aperture in the direction perpendicular to the electric 
field of the radiation. In this way, the junction’s response to radiation was made negligibly small 
compared with its response to the temperature of the exposed skin with which it was in contact. 
The couple was completed by a reference junction contained in a water-filled Dewar flask main- 
tained at a temperature of 30° C. The thermoelectric current was recorded by a Tinsley galvano- 
meter (type SSI. 45). Calibration with the ‘hot’ junction in a water-bath showed that the 
galvanometer deflexion was a linear function of the temperature difference between the two 
junctions. 

The experimental procedure was as follows. With the microwave source switched off, the area 
to be irradiated was placed in firm contact (but with minimum compression) with the wave-guide 
applicator. When thermal equilibrium had been reached the skin temperature was recorded. The 
microwave radiation was then switched on at a predetermined level of power (as measured by the 
corresponding to this sensation, were then recorded. 

All experiments were carried out at a room temperature of 20+1° C, and with minimal air 
circulation, The probable error in power measurement was +5%, but higher accuracy was 
achieved in the measurement of exposure time and skin temperature. Exposure times were 
measured with a stop-watch and were accurate to + 0-1 sec. The probable error of skin temperature 
measurement was +0-1° C, 


RESULTS 
Pain sensation with microwaves 
As far as could be judged, the sensations of warmth and pain with microwave 
heating differed but little from those felt when heating was produced by 
infra-red radiation. 
Subjects were instructed to indicate when a burning pain sensation was 


first noticed. No attempt was made to reach an ‘intolerable’ ‘pail sensation 
in any of the experiments. 


Exposures with the 7-6 x 7-0 cm applicator | 
Measurements were made of the radiation power which could just be 
tolerated during prolonged exposure. A number of measurements on six male 
subjects gave the mean results shown in Table 1. The initial skin temperatures 


Rl 
+ 
“4 
oe 
- 
om 
4 


3388 35558 


PAIN THRESHOLD FOR RADIATION 3 


in these experiments were in the Tange 31-5-33-5° C, and the average skin 
temperature rise required to achieve pain was 15-0° C. To observe whether the 
actual temperature, or the temperature rise, was the significant quantity, 
a limited number of exposures was made of anatomical sites with wider 
variations in initial skin temperature. The results are given in Table 2. 


1. Mean radiation power which cou jst be talerated by six wubjecte during 


prolonged exposure 

Microwave Final skin 
Anatomical site (W) °C) 
Inner forearm 18-3 45-5 
Anterior thigh 19-0 46-2 
Medial aspect of calf 18-0 45-7 
Mean 45:8 
8.D. 0-51 


TABLE 2, The skin temperatars at which pain ooorred in ste with diferent 


Initial skin Final skin 
Exposed region temperature Co) - temperature 


Tip of forefinger 23-54 45-241:3 
Thenar eminence 28°5 + 1-2 46-0+0-9 
36-5+0°8 


Mean 45-4° C 


Exposures with the 3-8 x 2-5 cm applicator 

Prolonged exposures. Using the inner forearm region of six individuals, 
eighteen measurements were made of radiation power and corresponding skin 
temperature during prolonged exposure just below burning pain level. The 
mean results were: radiation power =4-8 W, s.p. + 0-2 W;; final skin tempera- 
ture = 46-1° C, s.p. + 0-67° C. 

Short exposures. Again using the inner forearm area, experiments were 
carried out in which the radiation power was increased above the tolerance 
level for prolonged exposure. The time of exposure required to achieve burning 
pain and the corresponding skin temperature were then noted. Initial skin 
temperatures were in the range 29-31° C, while the burning pain sensation 
was obtained at skin temperatures in the range 44-6-47-5°C. The mean 
burning pain skin temperature was 46-1°C, with a standard deviation of 
1-01° C, 

It was significant that there was no systematic change of burning pain 
temperature with change in radiation power. 

The results provided the experimental points shown in Fig. 1, where the 
radiation intensity (expressed here in cal. cm~* sec-*) is plotted against the 
exposure time required to achieve the pain sensation. 
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DISCUSSION 


Significant features of the results are: 


(i) The tolerated microwave power (for a given exposed area) during long 


exposures suffers relatively small variations between individuals and anatomical 
sites, 


(ii) The tolerated intensity is larger for an exposed area of 9-5 cm* than for 


an area of 53 cm?. 


(iii) The skin temperature corresponding to burning pain is independent of 
the area of exposure, radiation intensity, exposure time and anatomical site. 


(eqn. 2), 
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Fig. 1. Variation with exposure time of the ‘burning’ intensity of 10 cm microwaves transmitted 
by normal skin of the forearm. ©, experimental ; ——, theoretical (eqn. 1) 


theoretical 


(iv) Pain results when a critical skin temperature i is achieved rather than 


from a critical temperature rise. 


(v) With high intensities, the time of exposure to produce pain is an inverse _ 


function of radiation intensity. 


Before proceeding to discuss these results, and to compare the findings with 


the results of pain studies reported using an infra-red stimulus, it will be 


illuminating to give a physical basis for experiments where thermogenic — 


aaa aa is absorbed by the human body. 
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Physwal theory 
If the human body is considered as a semi-infinite solid with internal heat 
generation (due to absorption of radiation), then, assuming linear heat flow 
and negligible heat loss to the environment, it can be shown (Cook, 1952) that 
the skin temperature is given by 


[=1,+ fexp (a%kt) erfe —1}+ (+39) 


where 7, =initial skin temperature, 
K =thermal conductivity, 
K 
specific heat x density’ 
b=initial temperature gradient, 
t=time of exposure to radiation, 
a=energy absorption coefficient, 
F,=incident radiation intensity, and 


a is given by the exponential law of transmission of radiation energy in any 
medium, viz. F,=Fre- 
0 


where F,,=radiation intensity at a 
If vadinsit energy is totally absorbed at the skin surface, with no ap eget 
then « is infinite-and eqn. (1) reduces to 


if 6 is small compared with F,/K. 

These equations apply only while heat conduction is perpendicular to the 
skin surface. There is evidence that this condition is satisfied approximately 
when the radiation exposures are short. For exposures longer than about 
2 min the marked effects of vasodilatation make linear heat flow theory 
inapplicable. | 

Eqn. (1) shows that there are several factors involved when a thermogenic 
radiation stimulus is used in pain studies. It will be of interest to observe 
whether experimental results can be correlated with thermal theory. 


Comparison of theoretical and experimental results using short 
exposures to microwaves 
Some difficulty arises in the evaluation of radiation intensity from the 
measured microwave power crossing the applicator-skin interface. This is 
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due to the non-uniform energy density across the aperture. However, it can 
be shown that the relation 


| 


~ 


gives the intensity causing pain if W is the power in watts crossing a rectangular 
aperture of area a om*. This has been used in obtaining the intensities plotted 
in Fig. 1. 

When comparing the experimental results shown in Fig. 1 with theoretical 
results it is necessary to know the values of K, k, 6 and « appropriate to the 
experimental conditions. Thermal analysis of other experimental results 
(Cook, 1952) shows that 10-* cal. cm sec-1 ° C-1 is a reasonable figure to take 
for the thermal conductivity of the tissues of the forearm in the present case, 
and (from the same reference) that the effective absorption coefficient, «, is 
1-5cm-!, The temperature gradient, 6, is approximately 2°C/cm and is 
negligibly small compared with F,/K. Then, assuming the specific heat and 
density of the surface tissues to be unity in their respective units, the full 
curve of Fig. 1 represents the theoretical variation of ‘burning intensity’ with 
aa exposure time for 10 cm microwaves when eqn. (1) is used. There is remarkably 
— good agreement between theory and experiment. As shown by the broken © 
i. curve in Fig. 1, eqn. (2) fails to explain the experimental results. 


Comparison of theoretical and experimental results using short 
exposures to infra-red radiation 
The published reports of pain imvestigations using the Hardy-Wolff- — 
Goodell technique (1940) have, until recently, omitted results of measure- _ 
ments of final skin temperature. For example, Bigelow, Harrison, Goodell & 
Wolff (1945) published results showing how the radiation intensity producing 
pain on a blackened region of the forehead and glans penis varied with 
| exposure time, but they did not give skin temperatures. Auluck & Kothari 
4 : (1949) quoted the present eqn. (2) as providing a physical basis for these, and 
il similar, published results. Thus, it was assumed by them that the absorption 
a coefficient, «, was very large. ) 
/ The data provided by Forsythe & Adams (1944) show that the effective © 
| absorption coefficient of human superficial tissues for the infra-red spectrum 
used in the Hardy-Wolff-Goodell method is approximately 15cm-}. For 
artificially blackened skin « is even higher. Such values of « are large enough 
to make eqn. (2) applicable, justifying the assumption made by Auluck & 
Kothari if heat loss to the environment is negligible. 
For long-wave infra-red radiation the absorption coefficient of unblackened 
tissues is much higher. « is approximately 60 for a spectrum with maximum 
intensity at about 3. wave-length, and of the order of 100 for a spectrum with _ 
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a maximum at 4-Hy. Thus, eqn. (2) is even more applicable in the case of 
long-wave radiant heat absorption. 

Fig. 2 shows how well eqn. (2) fits the experimental results of Bigelow et al. 
if it is assumed that a 9° C skin temperature rise occurred in their final pain- 
producing exposures, and that the thermal conductivity of the area irradiated 
(forehead) was 2 x 10-* cal. cm-! sec-! ° C-1, 

The recent results of Whyte (1951) provide a better test since temperatures 
were measured and, therefore, no assumptions need be made. Fig. 3 shows 
Whyte’s results to be in accord with theory if the thermal conductivity of the 
forehead area was 2x 10-*, while that of the lumbar area was 1-2 x 10-3 

It should be noted that, in both the microwave and infra-red cases, agree- 
ment between theory and experiment can only be obtained if K is disposable. 
Since the operative thermal conductivity is possibly a function of both 
anatomical site and radiation penetration this is felt to be a justifiable 
procedure. 


Threshold intensity for prolonged exposure to thermogenic radiation 

In the therapeutic applications of radiations it is desirable to know the 
maximum intensity of each type of radiation which can be tolerated during 
long exposures. Lloyd-Smith & Mendelssohn (1948) found that an incident 
intensity of 0-04 cal. cm~* sec—! of short-wave infra-red could just be tolerated 
by epigastric and interscapular skin areas of 144 cm*. Approximately 25% 
of this energy flux would be reflected, so their result corresponds to a tolerated 
transmitted intensity of 0-03 cal. cm-* sec-'. 

From the results of Whyte (1951) it can be estimated that the maximum 
incident intensity of long-wave infra-red radiation that can be tolerated by 
a lumbar area, 12 x 12 cm, is also approximately 0-03 cal. cm-* sec. Here, 
negligible reflexion takes place. 

That smaller areas can tolerate higher intensities of short-wave radiant 
heat is apparent from the results of workers using the Hardy-Wolff-Goodell 
technique. A blackened area (3-5 cm?) of the forehead can tolerate approxi- 
mately 0-07 to 0-09 cal. cm-* sec! in prolonged exposures. | 

The tolerated maximum intensity of 10 cm microwaves also increases as the 
area irradiated decreases. Thus, for the 7-6 x 7-0 cm aperture the threshold 
intensity is 0-13 cal. cm-* sec-!, while for the smaller aperture (3-8 x 2-5 cm) 
it rises to 0-19 cal. cm-* sec". : 

Linear heat flow theory cannot be applied in analysing and comparing these 
results. Differences in irradiation method, areas of irradiation, anatomical 
sites, and also the non-uniform nature of the microwave power distribution 
in the present experiments, combine to render difficult any detailed comparison. 
However, the results support the idea that pain occurs when energy absorption 


a 
“9 
} 
q 
h 
. 


° 


Intensity (cal. cm? sec") 


| 


] 


0 10 20 | 30 

Exposure time (sec) 
Fig. 2. Variation with exposure time of the ‘burning’ intensity of radiant heat under special 
experimental conditions. ©, experimental (Bigelow ef al. 1945); ——, theoretical (eqn. 2). _ 
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Fig. 3. Variation with exposure time of the ‘burning’ intensity of radiant heat. ©, experimental 
(Whyte, 1951, short-wave infra-red); x, experimental (Whyte, 1951, long-wave infra-red) ; 
theoretical. 
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(and corresponding temperature rise) in a critical thickness of superficial tissues 
exceeds a certain value. Thus, comparing the intensities tolerated by large 
areas, it is significant that although the tolerated intensity of 10 cm micro- 
waves is over four times that of both short- and long-wave infra-red radiation, 
the energy absorbed in all cases in the first 1-5 mm of tissues is approximately 
the same. In the microwave case 20% of the energy entering the skin is 
absorbed in this depth. The remaining 80%, is absorbed in the deeper tissues 
but does not influence pain sensation. The energy absorption in a 1-5 mm 
depth is approximately 90 and 100% respectively for short- and long-wave 
radiant heat. Thus, on this basis, there should be little difference in the 
tolerated intensities of the two types of radiant heat, agreeing with the experi- 


mental findings. 


Threshold skin temperature 


It is otelias that, in normal skin, burning pain is produced by micro- 
waves at a skin temperature of approximately 46° C, irrespective of other 
variables. In pain studies where an infra-red stimulus has been employed the 
skin temperatures reported are mostly in the range 45-48° C and, according 
to Whyte (1951), the threshold temperature is independent of other variables. 
It can be tentatively concluded that thermal pain occurs at an approximately 
constant skin temperature for all thermogenic radiations. 3 | 

Although the temperature gradient after painful exposure varies with 


radiation penetration and exposure time, experiment shows that, except for 


very short exposures (about 3 sec or less), the gradient in the first few milli- 
metres of tissue is small after both microwave and infra-red exposures. From 
this, and the discussion in the previous section, it can be suggested that a 
thermal pain sensation is evoked when end-organs located at approximately 
1-5 mm below the skin surface reach a temperature of about 46° C. 


Further observations on pain threshold measurements 


It has been shown that eqns. (1) and (2) provide a satisfactory sine) 
basis for thermal pain studies. These theoretical equations show the relation- 
ship between the variable factors involved. The Hardy-Wolff-Goodell de- 
finition of the pain threshold as a radiation intensity is only satisfactory in 
comparative measurements if these variables are constant. As Whyte (1951) 
has pointed out in discussing studies of the effects of the administration of 
analgesic drugs (and of other procedures) on pain sensation, vascular changes 
may well occur. These changes cause an increase in thermal conductivity. 
From egn. (2) it can be shown that, if 7’'— 7, is constant, a 40% increase in 
threshold intensity results from a doubling of the thermal conductivity. The 
present theory lends support to Whyte’s criticism of the Hardy-Wolff- 
Goodell technique. 
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Gregg (1951) has suggested that the time of exposure with a fixed radiation 
intensity is a better criterion than intensity with a fixed exposure time. 
However, the same criticism can be levelled at this proposal. Thermal con- 
ductivity will be a variable and have dependence on both exposure time and 
other factors affecting blood flow. 

By studying the rate at which the skin temperature increases during the 
early stages of exposure to thermogenic radiation it is possible to calculate the 
thermal conductivity of tissues (Cook, 1952). Such experiments show, for 
instance, that, while K for ischaemic tissues remains constant during exposure, 
tissues with no occlusion have a thermal conductivity which increases very 
rapidly during exposure. It is suggested that this additional observation in 
experiments on the effects of drugs, etc., on thermal pain threshold would be 
of great value. 

The present microwave results on normals support the view of Whyte that 
skin temperature is the vital factor in determining pain, though only in so far 
as this is a measure of the temperature of the thermal pain receptors below the 
skin surface. | 

One final observation can be made regarding the variation of radiation 
intensity with irradiated area. Hardy et al. (1944) state that though spatial 
summation of warmth sense occurs, summation is absent in the case of pain 
sensation. This latter statement appears to be based on experiments with 
irradiated areas of 10 cm? and less, in which the pain-producing intensity was 
independent of area. However, the results discussed in this paper show that 
the intensities provoking pain, like those producing sensation of warmth, 
decrease with increasing exposed area. A physical explanation of both these 
phenomena, not involving spatial summation, is that the rate of heat transfer 
from the superficial tissues decreases with increasing exposed area. Thus 
radiation intensities to produce either warmth or pain decrease with increasing 
area if it is assumed that sensations of warmth and pain depend only on the 
temperature of end-organs. 


SUMMARY | 

1. A method of evoking thermal pain by a microwave stimulus is described 
and the results obtained on normals reported. These show that the skin 
temperature at which pain is felt is independent of all variable factors. On the 
other hand, the radiation intensity (or so-called pain threshold) depends on 
exposed area, exposure time, initial skin temperature, anatomical site and — 
thermal conductivity. | 

2. An equation based on thermal flow theory is given which explains 
satisfactorily the results obtained with short exposures to microwaves. 


3. Extension of the theory to explain the results of workers using infra-red 
pain stimuli is also successful. 
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4, Consideration of the tolerated intensities of three types of thermogenic 
radiation leads to the result that the energy absorption in the first 1-2 mm of 
superficial tissues is the same for all radiations, if other factors are constant. 
It is further suggested that a vital factor on which thermal pain is dependent 
is the temperature of end-organs located within this depth of tissue. 

5. Criticism of the Hardy-Wolff-Goodell method of thermal pain study is 
made. It is suggested that, besides the measurement of initial and end-point 


would be of value in providing information regarding thermal conductivity. 
6. The question of spatial summation of pain and warmth senses is dis- 
cussed very briefly. 
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In the foetus the blood flows from the pulmonary arterial trunk to the aorta 
through the ductus arteriosus. It is therefore reasonable to assume that the 
pressure in the pulmonary trunk is greater than that in the descending aorta. 
In the adult animal the pulmonary arterial pressure is very much less than 
the aortic pressure. Presumably the change takes place at birth or shortly 
afterwards, but there are no records of the pulmonary and aortic pressures at 
this time or of their relation to the beginning of respiration, the tying of the 
umbilical cord or the closure of the ductus arteriosus. The experiments 
described in this paper were designed to record the pressures in the major 
vessels during these events, and to determine simultaneously by cineangio- 
graphy the condition of the ductus arteriosus and of the circulation through | 
the lungs. 


METHODS 


Twelve lambs were used, of which ten were mature foetuses delivered by caesarian section; the 
other two were used 48 hr after natural birth. The latter and the pregnant ewes were anaesthetized 
by intravenous injection of ‘dial’ (0-05 g/kg) and urethane (0-2 g/kg). The foetuses did not require 
further anaesthesia. 

On delivery by midline section a rubber nose-bag filled with amniotic fluid was pulled over the 
foetus’s head to prevent spontaneous breathing, and the foetus was laid over the cineradiographic - 
apparatus, care being taken that no tension was exerted on the umbilical cord. It was kept warm 
by an electric blanket and the liberal use of cotton-wool. The trachea was dissected, and in most 
experiments @ glass T-piece was introduced at once to avoid delay at the time when ventilation 
was to be started ; this tube was filled with saline and closed until required. Before ventilation was 
begun, the air passages were aspirated. The lungs were ventilated by positive pressure with a 
Palmer pump at a rate of about 20 strokes per min, the volume being adjusted by direct observation 
of the lungs so that they were gently but not excessively distended. The external jugular vein, 
usually on the right side, was cannulated for injection of radiopaque medium, either thorotrast 
(25% colloidal thorium dioxide) or 35% diodone. This site of injection was chosen in order to 
display the pulmonary arteries and ductus arteriosus to best advantage. Angiograms were taken 
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on 35 mm film at 25 frames per sec by photographing the fluorescent screen on which the animal 
lay (Ardran & Tuckey, 1952). | 
Arterial blood pressures were recorded from different vessels by condenser manometers 

frequency response varied according to the experimental conditions. At the beginning of the 
experiment it was normally 150c/s or better (gauge, connecting-tube and needle-head). The pressure 
records were displayed on two double-beam cathode-ray tubes of which one was used for monitoring 
and the other for photography. In the later experiments it was found of great convenience to have 
a simultaneous display of mean blood pressures on meters near the lamb. The end pressure in the 
abdominal aorta was recorded by introducing a stiff polythene tube up the femoral artery, to 
which the manometer gauge head was attached. In order to record the lateral pressures in the 


AS SS \ 


Left pulmonary artery 


Fig. 1. The ductus arteriosus and related vessels of the foetal lamb, exposed from the left side 
between the third and fourth ribs, showing needle-heads of an early type (a) inserted at 
right angles into the pulmonary trunk and descending aorta, with the ductus arteriosus 
(D.4.) lying between. In later experiments a simpler type of needle-head (b) was used. 


pulmonary trunk and thoracic aorta the chest was opened between the third and fourth ribs to 
the left of the mid-line. This provided adequate access to the pulmonary trunk, but in order to 
reach the thoracic aorta it was necessary to remove a small portion of one rib in addition. The 
vessel was tethered gently by a stay suture through its outer coats, and pierced by a cutting 
needle. As this needle was withdrawn, a hollow needle-head attached by a short length of stiff 
polythene tubing to the manometer gauge-head was introduced through the holeso made. A number 
of experiments were performed using the hollow needle-head described by Dawes, Mott & 
Widdicombe (1951), which is held in position by a screw which compresses the vessel-wall against 


_ the needle-head (Fig. 1a), but experience showed that this screw was not essential and a simpler 


needle-head was designed (Fig. 1b). When the hollow needle-head had been successfully introduced 
it was secured to the stay suture, and the manometer gauge-head was clamped in a suitable 
position, so that the needle-head was at right angles to the artery. The short length (3-6 cm) of 
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polythene tubing had just sufficient flexibility to allow movement of the needle-head as the 

vessels pulsated, while its inherent elasticity was not sufficient to impair the frequency response 
of the manometer seriously. A slow flow of saline was directed down the manometer system from 
time to time to prevent clotting, which did not usually become serious until the experiment had 
been in progress 2 hr or more, The conden ters were somewhat sensitive to temperature, 
and we had to refrain from touching the gauge-heads unless absolutely necessary. With this 
precaution, changes in sensitivity were reduced to a minimum, as shown by calibrations or zero 
determinations which were repeated in most experiments once every 10 min. The pulmonary 
arterial pressure was measured at a point approximately midway between the pulmonary valves 


and the origin of the ductus arteriosus (Fig. 1), i.e. about 0-5 om before the latter. The pressure 


in the thoracic aorta was measured about 0-5 om beyond the junction of the ductus arteriosus 


‘and aorta. 


RESULTS 
Pressures in pulmonary and systemic circulations 
When the operative procedures were completed the animal was left without 
further interference for a variable period of time, during which the blood 
pressures were recorded at frequent intervals. One or more cineangiographic 
records were made during this period in order to determine the initial state of — 
the ductus arteriosus. The blood pressures recorded are summarized in Table 1. 
1, Pressure records 


Lateral pressure, 
Period of End-pressure, End- Lateral pulmonary 
| observation carotid inate arterial trunk 
oe PE ea (mm Hg) (mm Hg) (mm Hg) (mm Hg) 
1 50 88/77-96/84 
2 50 87/55-74/49 
4 59/34 67/45 
5 45 96/74-77/44 75/59-75/61 
6 28 /30-51/39 57/42-52/41 
7 23 70/49-70/49 76/55-72/49 
8 8 (after recovery from  49/38-53/43 57/43-63/45 
9 20 79 64/52-72/52 
10 21 73/59-70/52 70/51-74/55 
2-day-old lambs 
11 115/82-96/78 28/16-28/12 
12 10 92/65-02/66 28/17220/18 


In this table the pressures are those observed at the beginning and end of the 
period of observation, and it will be seen that in spite of the considerable 
operative interference with those lambs in which measuring instruments were 
introduced into the pulmonary artery and thoracic aorta, there was no 
progressive deterioration in blood pressures during this time. Although the 
pressures observed might well be a little less than those of the intact un- 
anaesthetized foetal lamb im utero, they can reasonably be taken as an 
indication of what may be expected there. | 

In the foetal lambs the cineangiograms showed in every case that the blood 
flowed down the ductus arteriosus from pulmonary trunk to thoracic aorta, 
and, as one might therefore expect, the lateral pressure in the pulmonary 
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umbilical cord had been tied 1 or 2 min previously.) The fall in blood pressure 
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artery was higher than that in the thoracic aorta. Some care was taken, 
during the introduction of the ‘needle-heads’ into these vessels, that the plane 
of the orifice was in the direction of flow. The records are therefore of true 
lateral pressure so far as practicable. Fig. 2 shows a comparison of the pressures 
in these vessels during two cardiac cycles, read from the original photographic 
records by a travelling microscope and converted to the same scale. The 
lateral pressure in the pulmonary trunk rises more rapidly to its peak than 
that in the descending aorta, and at this moment the pressure difference 
between the two points is greatest. The time taken for the peak of the pulse 
wave to travel the distance between the two needle-heads (about 2 cm) was 
in this instance a little less than 50 msec. It should be observed (Table 1) that 


mm H 
80 » 
Pulmona 
60 F 
Descending 
49¢ aorta 
Time 0-1 sec 


Fig. 2. Foetal lamb. Records of lateral pressure in pulmonary arterial trunk and descending 
aorta (see Fig. 1) during two cardiac cycles, transposed to the same baseline and amplification. 
This shows the slower rate of rise of the pressure wave and the attenuation of the dicrotic 
notch in the descending aorta. 


where carotid and abdominal aortic pressures are recorded these are end- 
pressures and not lateral pressures. This is why the pressures observed in 
these vessels are sometimes as high or higher than those in the pulmonary 
artery of the foetal lamb. 

The 2-day-old lambs approximate to the adult condition, for their pul- 
monary arterial blood pressures are very much lower than those in the foetal 


‘lambs, and the blood pressure in the abdominal aorta is higher. Cineangio- 


grams of these lambs showed that there was no flow through the ductus 
Changes with onset of ventilation 

It will be seen from Table 2 that the onset of artificial respiration caused 

a pronounced fall in blood pressure in most animals, both in the pulmonary 

trunk and the aorta. In some instances this was as much as 30% of 

the initial pressure (Figs. 3, 4). (Those lambs (nos. 1 and 2) in which no 

immediate changes were observed had been exposed to asphyxia because the 
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did not last very long because the umbilical cord was then tied, and the _ 
consequent rise of blood pressure was sufficient to compensate nearly com- 
pletely for the previous fall (Figs. 3-6). 

The fall in pressure in the pulmonary artery is accompanied by a great 
increase in the velocity at which blood flows through the lungs. Table 2 gives 
an account of the pulmonary circulation times before and after respiration 
was begun, as measured from the cineangiographic records. No absolute 
quantitative measure of the volume of blood flowing through the lungs can 
be derived from study of the cineangiograms. But it has been observed that 


Tate 2, Changes in blood pressure and pulmonary circulation time before and after artificial respiration 


Blood pressure (mm Hg) time (sec) 
Weight Age A Contrast 
No. (kg) (days) Pressure record Before After Before After medium Cord tis 


1 47 — Carotid artery 89/74 83/68 3-3 16 ThO,} 1} min befon 
2 47 — Carotid artery 70 72 29 13 ThO,. 3 min bel 
| 4 25 133 Abdominal aorta 57/37 ? 3-8 23 D News 
125 Carotid artery 59/36 ? 2-9 2:3 
5 28 136 Abdominal aorta 70/57 67/53 4-1 1-9 4 min 
130 Carotid artery 66/33 50/25 3-5 2-7 —J ventilation 
a 6 28 186 Thoracic aorta 53/42 26/23 No record — 10 min de 
130 Pulmonary artery 53/42 31/25 —J ventilatio 
7 21 180 Thoracic aorta 42/24 2 2-0 D\ 30 mina 
120 Pulmonary artery 72/51 52/34 23 ventilation 
8 26 136 Thoracic aorta 60/44 43/35 4+ 20 ThO,) 1 min 
126 Pulmonary artery 63/46 52/41 10 ventilation 
| 9 33  — Abdominal aorta 85/61 61/40 No record ThO,. 5 min a 
140 artery 72/52 52/36 ventilation 
10 23 Abdominal aorta 74/55 61/43 47 17 ThO) 1 min 


Nos. 1 and 2 were Hampsbires and were twins; the remainder, Welsh sheep and single foetuses. The next reli 
record after breathing, on lamb 4, was not till 12 min later. The upper age estimate is from date of service, the lowerit 
weight tables and in the case of the Welsh sheep appears to be an underestimate. ThO,, thorotrast; D, diodone. 


a ' when a certain volume of contrast medium (5 ml) is injected before the 
- : beginning of ventilation, only a small proportion flows through the lungs and 
ie that slowly, whereas after ventilation the whole of the injected medium passes 
| rapidly through the lungs. The gross character of the difference between the 
‘ i | observations made before and after ventilation has convinced us that the 


That in Fig. 6 at 12.20 p.m. was due to manipulation and aspiration of the 
trachea; it preceded ventilation. The bradycardia seen in Figs. 3-5 followed 


| volume flow is greater after ventilation, in spite of the absence of exact data. 
a Taken in conjunction with the simultaneous fall in pulmonary arterial pressure, 
a and assuming that there is no substantial change in pulmonary venous 
if pressure, this can only mean that the pulmonary vascular resistance has 
decreased. 
is The sudden bradycardia seen in these records may be due to different causes. 
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Fig. 3. Foetal lamb no. 9. Records of end pressure in abdominal aorta (above) and lateral pressure 
‘in pulmonary artery (below). Ventilation was begun at 12.04 p.m. and the umbilical cord 
was tied at 12.09 (at arrow). Later records at 12.22 and 12.50 p.m. show the 
character of the fall in pulmonary arterial pressure. (See also Fig. 4.) Time marks in 0-1 sec 


with interval every 1-0 sec. 
Beats per 
200 
Artificial 
150 ventilation 
Umbilical cord 
80 - End pressure 
in abdominal 
the aorta 
and 
the in pulmonary 
Open Shut 
12.00 12.30 1.00 
_— Fig. 4. Foetal lamb no. 9. Records of heart rate, systolic (above) and diastolic (below) pressures 
has in sorta and pulmonary arterial trunk, before and after beginning artificial ventilation. 
Injections of thorotrast were made at intervals for cineangiography and observations on the 
1S€8. state of the ductus arteriosus are given where appropriate. The immediate fall of pressures 
the in both lesser and greater circulations on beginning ventilation is striking; when the umbilical 


cord was tied the aortic pressure recovered, but the pulmonary arterial pressure continued 
wed to fall, 
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the rise in blood pressure after the umbilical cord had been tied and might be | 
due to a carotid sinus-aortic depressor reflex. There is no evidence of sudden 
bradycardia as a result of beginning artificial ventilation. 


Beats 
min 
Artificial ‘ 
ventilation 
End pressure 
in abdominal 
aorta 
-._ ‘Lateral pressure 
inopul 
0 Thorotrast_) 
4.00 4.30 5.00 


Fig. 5. Foetal lamb no. 10. Records as in Fig. 4. In this lamb tying the umbilical cord caused both 
pulmonary and systemic arterial pressures to recover. Shortly afterwards the pulmonary 
arterial pressure fell precipitately and progressively. 


Beats per 
200!" | Heart rate 
150 
Artificial 
— Dissection 
gun cor | La 
teral 
m Hg tied ductus Ductus , i, 
60 | tied aorta 
“> artery 
12.00 12.30 1.00 - 2.05 


Fig. 6. Foetal lamb no. 6. Records of heart rate, systolic (above) and diastolic (below) 
pressures 
in thoracic aorta and pulmonary arterial trunk. The divergence between pulmonary arterial 
and aortic pressures which began soon after the onset of artificial ventilation persisted when 


the umbilical cord was tied. This divergence disappeared during manipulation of the ductus 
arteriosus and was restored when this vesse] was tied. 


The subsequent reaction of the ductus arteriosus was judged in two ways, 
by the relative pressure changes in the lesser and greater circulations, and by 
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the observation of the passage of contrast medium. It was found that when, 
following artificial ventilation, a substantial pressure difference developed 
between the pulmonary arterial trunk and the aorta, no contrast medium 
flowed through the ductus arteriosus and this vessel was therefore functionally 
closed (Figs. 4, 5). 

An additional observation may be recorded here. In one lamb (no. 1) the 
umbilical cord was tied before ventilation of the lungs and the ductus arteriosus 
was shown by cineangiography to be constricted 21 sec later and to be 
functionally closed after a further 64 sec. During this time the animal had 
not been allowed to breathe, but its condition (as judged by the systemic 
arterial pressure) had not deteriorated. This single experiment shows that it 
is possible for the ductus arteriosus to close before expansion of the lungs, and 
under asphyxial conditions. 

The experiment recorded in Fig. 6 illustrates a further point. In this lamb, 
within 5 min of beginning artificial ventilation, the pulmonary arterial and 
aortic pressures had reversed and diverged substantially, although the umbilical 
cord had not yet been tied. When the cord was tied, this divergence increased 
still further, and the ductus arteriosus was then presumed to have closed. 
On this occasion lack of film prevented us from obtaining a cineangiographic 
record. We therefore decided to place a loop round the ductus and to ligate 
it. During the exposure and manipulation of the vessel the pulmonary and 
aortic pressures again approximated to each other, suggesting that the ductus 
had reopened. When the ligature was drawn tight, however, the pulmonary 
and aortic pressures sprang apart and continued to diverge for the next hour. 
This experiment suggests that the ductus arteriosus may be in a labile state 
after its initial closure, and may reopen if the provocation is sufficient. This 
conclusion is in agreement with experience previously obtained (Barclay, 
Franklin & Prichard, 1944, p. 20). 

In three experiments (nos. 4, 5 and 7) diodone was used as the contrast 
medium instead of thorotrast, but the advantage of its more rapid removal 
from the blood stream was outweighed by the fall in blood pressure which it 
caused. It was interesting to observe that the three lambs in which diodone 
was used were ones in which closure of the ductus arteriosus was either much 
delayed (no. 4) or in which it never completely closed (nos. 5 and 7). 


DISCUSSION 
The principal observation recorded in this paper is that on artificial ventilation 
of the foetal lungs by positive pressure, there is an immediate fall of pulmonary 
arterial pressure accompanied by a great increase in the velocity of blood flow 
through the lungs. No quantitative measure of the change in pulmonary 
arterial resistance has yet been attempted. There can be no doubt that in 
the normal unanaesthetized newborn lamb, breathing — the 
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pulmonary arterial pressure must fall from the foetal to the adult value at some 
time after birth. The experiments described above strongly suggest that this 
change is related to the onset of breathing. Moreover, the increase in the 
speed of the pulmonary circulation which was found to be associated with the 
fall in pulmonary arterial pressure on positive pressure ventilation has also 
been observed with the onset of natural breathing in lambs (Barclay, Barcroft, 
Barron, Franklin & Prichard, 1942). Further reference to this observation is 
made below. | 
- The possibility that aeration of the lungs in the newborn animal may be 
accompanied by an increased rate of pulmonary blood flow has been con- 
sidered before, though not always from the same point of view. In 1871, 
Schulze suggested that the increased vascular capacity of the lungs, together 
with closure of the ductus arteriosus, might cause a fall of systemic blood 
pressure, a circumstance which he thought would favour. contraction of the 
umbilical arteries. This view was rejected by Cohnstein & Zuntz (1884, 1888) 
who, on the basis of very few measurements, concluded that the blood 
pressure rose after the onset of respiration. 
_ The next experimental approach to the problem was that of Hamilton, 
Woodbury & Woods (1937), who measured the pressures in the right and left 
ventricles of dog and rabbit foetuses by pushing a needle through the chest 
wall into the ventricular cavities. They found that before breathing began the 
pressures in the right and left ventricles were similar. Inspiration lowered the 
right ventricular pressure more than the left, and this difference was attributed 
to a fall in the pulmonary vascular resistance. This evidence, unaccompanied 
by measurements of pulmonary blood flow, cannot be regarded as conclusive. 
Moreover, their work has been criticized from the technical point of view, 
since the method of pressure measurement involved transfixing the heart 
blindly through the chest wall. Perhaps this is the reason why no pressure 
changes were seen when the cord was clamped, whereas other observers agree 
that in the lamb rises in systolic blood pressure of up to 40 mm Hg may occur 
at such a time. Abel & Windle (1939) wrote of the records of Hamilton et al.: 
‘The blood pressure values which they give below their illustrations are not 
all in agreement with their statements in the text and would seem to indicate 
an increase in intraventricular pressures after respiration has begun.’ Barclay 
et al, (1944) regarded this criticism as ‘legitimate’. | 
Abel & Windle (1939) compared the iron content of cat foetal lungs removed 
_ from the animals either before or after the beginning of respiration. They 
found no significant difference between the two groups, and concluded that no 
appreciable increase in pulmonary blood volume had occurred. They took the 
_ precaution of tying the trachea during inspiration before opening the chest, 
but it seems possible that considerable changes in the blood content of the 
lungs may have occurred before they were removed, as a result either of tying 
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the trachea or of opening the chest. There is also the possibility that quite 
_ large changes in pulmonary vascular resistance may occur as a result of 
- relatively small alterations in vascular capacity. 

The other observation which has a direct bearing on the subject is that of 
Barclay e al. (1942). They found, in a series of foetal lambs breathing spon- 
taneously, that functional closure of the ductus arteriosus, as judged by 
cineangiography, was followed by a reduction in the average pulmonary 
circulation time from 2-7 to 1-4 sec, and they speak of ‘halving of the pul- 
monary circulation time through closure of the ductus...’. But inspection 
of their original data, which are still available, shows that this reduction in 
pulmonary circulation time could equally well be ascribed to the onset of 
breathing and that the change is of a progressive character as aeration of the 
lungs proceeds. This interpretation of experiments in lambs breathing 
spontaneously agrees with our latest observations in lambs with positive - 
pressure ventilation. We also find that the pulmonary arterial pressure falls 
at a time when the pulmonary circulation time has decreased. The simplest 
explanation of this is that the pulmonary vascular resistance has been 
reduced, It is important to note that the fall in pulmonary arterial pressure, 
which is communicated to the systemic arterial system because the ductus 
arteriosus is still open, occurs immediately on beginning artificial ventilation 
and before closure of the ductus arteriosus. 

Our impression from these observations is that the changes in pulmonary 
arterial pressure and circulation time are primarily due to aeration of the 
lungs. Whether these changes are themselves in any way responsible for 
closure of the ductus arteriosus remains to be seen. 

Whatever the final conclusions may be on this point, it has been demon-. 
strated that it is possible to maintain an anaesthetized foetal lamb, with its 
chest opened and with pressure records from the great vessels, in sufficiently 
good condition for closure of the ductus arteriosus to occur. It is hoped that 
the use of this technique may throw further light on the cardiovascular changes 
which take place at birth. 

SUMMARY | 

1, The blood pressures in the pulmonary artery, thoracic aorta and 
abdominal aorta have been measured in anaesthetized foetal lambs, while 
cineangiographic records have been made of the blood flow through the heart, 
lungs and great vessels before and after artificial ventilation of the lungs. 

2. Before ventilation is begun, the lateral pressure in the pulmonary 
arterial trunk is greater than that in the descending aorta, and the pulmonary 
circulation is slow. | 

3. When ventilation is begun, there is a considerable fall in both pulmonary 
arterial and aortic pressures, and the pulmonary circulation becomes more 
rapid, Tying the umbilical cord then causes both pressures to rise towards or 
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above their initial level. When functional closure of the ductus arteriosus 
occurs, the pressures in the pulmonary artery and aorta, which hitherto 
approximated to one another, now diverge. The pulmonary arterial pressure 
falls below the systemic arterial presssure see geal during the course of 
a few minutes. 

4. The simplest explanation of these alterations in the pulmonary arterial 
pressure is that the onset of ventilation is accompanied by a decrease in the 
pulmonary vascular resistance. 


We would like to acknowledge with gratitude the technical assistance given by Mr M. 8. Tuckey 
in the cineradiographic work, and the help afforded by other members of the staff during the 
course of the experiments, 
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INABILITY OF DIFFUSION TO ACCOUNT FOR 

PLACENTAL GLUCOSE TRANSFER IN THE SHEEP 

AND CONSIDERATION OF THE KINETICS OF A 
POSSIBLE CARRIER TRANSFER 
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The passage of glucose across biological membranes has long been recognized 
_ to be incapable of adequate explanation on a basis of diffusion. The position in 
regard to intestinal absorption is emphasized by Verzér & McDougall (1936). 
The extensive literature in this connexion, and in regard to absorption in the 
renal tubules, has been reviewed by Hober (1946), and more recently by 
Davson (1951). 

The entry of glucose into human erythrocytes has been more extensively 
_ studied in a quantitative sense. Ege is quoted by Bang & Orskov (1937) as 
having shown in 1919 that the permeability constant was diminished at high 
glucose concentrations. Wilbrandt, Guensberg & Lauener (1947) showed 
quantitatively the change in the constant over a hundred-fold concentration 
range. The present position in regard to this subject is well reviewed by 
LeFevre (1948), whose own results confirm the inability of kinetics based on 
simple diffusion to fit experimental data. LeFevre showed that the critical 
factor in diminishing the permeability was the raised internal concentration 
of glucose, and postulated a carrier mechanism in which the rate of transfer 
depended upon the difference between the internal concentration and some 
‘limiting’ concentration. 

In regard to placental glucose transfer from mother to foetus less is known, 
but it was suggested by Huggett, Warren & Warren (1951) that simple 
diffusion was unable to account satisfactorily for qualitative circumstances 
associated with placental glucose transfer, and Widdas (1951) reported that 
their quantitative results were in closer agreement with kinetics predicted 
from a postulated carrier system. 

The purpose of this paper is to review the qualitative and quantitative 
circumstances associated with i glucose transfer in the sheep, which 
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are incapable of explanation on a basis of diffusion, and to describe a simple 
hypothesis of carrier transport which has been used in deriving kinetic 
relationships which more closely agree with the quantitative experiments. 

The experimental data in such sheep experiments are not so precise as is - 
_ possible with erythrocyte studies, but the same kinetic relationships have 
been applied to the erythrocyte problem and give results not inconsistent 
with those obtained by LeFevre and by Wilbrandt et al. 

The basic hypothesis is used to develop a more generalized kinetics for 
carrier transport systems of this type. | 


EXPERIMENTAL DATA 
To investigate the appearance of fructose in the foetal circulation Huggett e¢ al. (1951) produced 
hyperglycaemia by the injection of glucose solution into the maternal circulation or the foetal 
circulation and followed the subsequent course of maternal and foetal blood sugar levels for 3 hr 
or more. Their results for three different types of experiments are relevant and these are sum- 
marized below for ease of reference. | 
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Minutes 
Fig. 1. Hyperglycaemia in the ewe. Effect of injection of glucose, 2 g/kg body wt. into 


pregnant ewes. Points represent means of four such experiments (Huggett ef al.). For 
further details see text. 


Type 1. Hyperglycaemia in the ewe. Injection of glucose into pregnant ewes in doses of 2 g/kg 
ee — eae changes in the maternal and foetal sugar levels which are illustrated 
in Fig. 1. points in this graph represent the mean of four such experiments uggett . 
(Data supplied by private communication.) 3h a 

During the intravenous injection the maternal blood glucose level probably rises to between 
700 and 800 mg/100 ml. but falls off over the subsequent 3 hr. The foetal glucose rises steeply 
during the first half-hour to about 200 mg/100 ml. and then starts to decline, while the foetal 
fructose shows a steady and more prolonged rise. 
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Type 2. Hyperglycaemia in the foetus, placental circulation intact. Injection of glucose into the 
umbilical vein in doses of 2 g/kg foetal body wt. gives rise to a picture which varies markedly 
according to whether the foetus is left attached to the placenta or (if viable) whether it is detached. 
This is illustrated in Fig. 2, from Huggett et al. ; 

When the placental circulation is intact the hyperglycaemia in the foetal circulation is short- 
lived, the normal excess of maternal over foetal sugar levels being re-established in 1 hr. There is 
a transient rise in the maternal glucose level, suggesting a back transfer from the foetal circulation 
across the placenta. 

Type 3. Hyperglycaemia in the foetus, foetus detached. Injection of glucose into the umbilical 
vein, followed by tying off the umbilical cord and detaching the foetus, gives rise to a hypergly- 


caemia of the type illustrated in Figs. 2 and 3. The hypergly reaches a higher level than in 
Type 2 and is followed by a fall in glucose concentration which is approximately linear with time. 
Placental glucose transfer | 


To see whether diffusion could adequately account for placental glucose transfer in these experi- 
ments a quantitative approach was attempted. The quantitative feature of experiments of T'ype 1 
which seemed of the greatest significance, and which it is desired to emphasize here, is the way in 
which the foetal glucose concentration starts to fall after the first half-hour in spite of the existence 
at that time of a concentration difference between maternal and foetal circulations of over 
300 mg/100 ml. 

Such a concentration difference is more then 10 times the magnitude of the physiological con- 
centration gradient usually found, and if the transfer of glucose across the placenta is by simple 
diffusion (that is, proportional in rate to the concentration difference), amounts of sugar far in 
excess of normal physiological requirements must be presumed to be entering the foetal circulation , 
That the concentration in the foetal circulation is actually falling after 30 min is thus surprising. 
The fall in glucose concentration indicates that the rate of removal of glucose from the foetal 
circulation has come to exceed the rate of accumulation. This may be due to an increased rate of 
_ removal from the foetal blood or a decreased rate of glucose transfer across the placenta or a com- 
bination of these two factors. 

Removal of glucose from the foetal blood can be due to increased tissue utilization or storage, 
loss to the urine, amniotic or allantoic fluids, or conversion to fructose in the placenta, as shown 
by Huggett et al. (1951). 

Using “C labelled glucose, Alexander, Huggett & Widdas (1951) confirmed the rapid incorpora- 
tion of labelled carbon ih the foetal fructose and, in view of these findings, the increase in foetal 
fructose must be taken into account when attempting to explain the fall in glucose. For this reason 
the level of total sugar (glucose plus fructose) is included in Fig. 1, and this keeps a more or less 
constant value from 30 to 150 min. Assuming that changes in the fluid spaces in which these 
sugars are distributed to be small during the same period, the constant total sugar level would 
indicate no net increase in the reserve of these sugars in the foetal blood and tissue spaces 
during this time. There remains, however, the question of foetal utilization or possible 
excretion. 

In experiments of Type 3, where a foetus has a hyperglycaemia induced by the injection of 
glucose into the umbilical vein prior to tying off the cord, there is no evidence of a rapid rate of 
glucose fixation or excretion bringing about a precipitous fall in sugar levels when these have high 
values. On the contrary, the evidence is of a relatively slow and approximately linear fall with 
time of both glucose and fructose levels. 

The rate of glucose assimilation and excretion by the foetus would be expected to increase at 
high concentrations by analogy with the work of Wierzuchowski (1936), but the latter showed in 
dogs that there was an upper limit beyond which the rate could not proceed. The relatively linear 
fall in glucose and fructose concentrations of separated foetuses may thus represent the upper 
limits of combined assimilation and excretion for foetal sheep. 

At any rate, the processes which bring about a decline of 0-6 mg/100 ml./min in the 135-day 
foetus, and 1-5 mg/100 ml./min in the near full-term foetus of 144 days, when separated from the 
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placenta, could only effect 9 smaller decline in the larger system represented by placenta plus 
foetus. 


Although a rapid fall occurs in attached foetuses when the maternal glucose concentration is 
low, as in experiments of T'ype 2, this can be accounted for by back transfer across the placenta to 


240 300 


0 60 120 180 

Tt injection Minutes 

Fig. 2. Hyperglycaemia in twin foetuses, 135 days foetal age, showing difference between course 
of events in an attached and a detached twin (from Huggett ef al.). See text. — 
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Fig. 3. Hyperglycaemia in foetus, 144 days foetal age, showing decline of glucose and fructose 
levels following separation from placenta (from Huggett et al.). 


the much larger maternal circulation. An estimate of the relative fluid volumes in which sugars 
are distributed can be made by following the rise produced by the injection of a known weight of 
fructose. This suggests the foetal and foetal placental fluid space to be about 1-5 1. for foetuses of 
135 days, as in the experiment of Fig. 2. The volume for the ewe is from 24-30% body weight 
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(37 kg) and is thus six to seven times the foetal volume, The materna] glucose rose from 
43 mg/100 ml. to 62 mg/100 ml. at 1 hr and would account for a fall in the foetal circulation of 
114-135 mg/100 ml. in the foetal circulation. The experiments of Alexander et al. (1951) with 
4C labelled glucose confirm that back transfer occurs very rapidly in terms of isotopic activity, 
but isotopic exchange and net transfer will clearly have different values. 

Where the maternal glucose concentration is higher than that in the foetal circulation, as in 
experiments of T'ype 1, and net transfer back across the placenta is not possible, there is no reason 
to believe that foetal sugar fixation or excretion will differ greatly from that of detached foetuses 
of equivalent age and size. Quantitatively we may summarize the events in experiments of 
Type 1 as follows. 

0-30 min. Rise in foetal glucose concentration from 34 to 185 mg/100 ml. Rise in foetal 
fructose from 70 to 86 mg/100 ml. Combined rise 5-5 mg/100 ml./min with average concentration 
gradient of 600 mg/100 ml. 

30-150 min. Rise in foetal fructose from 86 to 151 mg/100 ml. Foetal excess assimilation and 
excretion estimated from fall in sugar concentrations in experiments of Type 3 to be 0-2-0-5 mg/ 
100 ml./min for glucose and 0-04 mg/100 ml./min for fructose. (Fluid volume of foetus aged 
115 days represents only one-third fluid space of foetus and placenta.) 

Combined increment to foetal circulation 0-78-1-08 mg/100 ml./min. 

Decline in foetal glucose from 185 to 113 mg/100 ml./min represents a decrement of 0-6 mg/ 
100 ml./min, leaving a net gain of from 0-18 to 0-48 mg/100 ml./min. 

The gradient of glucose at 30 min was 343 mg/100 ml. and at 150 min was 70 mg/100 ml. 
Taking the 0-30 min rate of transfer at 0-9 mg/100 ml./min/100 mg gradient, the expected transfer 
would vary from 3-0 to 0-63 mg/100 ml./min. 

There is to date no direct evidence that the foetus utilizes fructose, and the only increase in 
fructose loss which may occur with increasing concentration is a possible increase in the loss by 
excretion. The order of magnitude of fructose loss is small, and if it should increase in rate pro- 
portional to concentration, the effect would still be negligible from a quantitative point of view and 
could not help to narrow the gap between observed and expected rates of placental transfer. 

Thus the fall of foetal glucose concentrations after the first half-hour in experiments of T'ype 1 
cannot be attributed to excessive foetal utilization or loss. One is drawn to conclude that placental 
glucose transfer during the period from 30 to 150 min has fallen to a rate approximately equivalent 
that of foetal (a relatively small and constant quantity). Bimultensously the 

tration is balanced by an increase in fructose production and 

The constancy of the glucose transfer which is inferred from 30 to 150 min is in marked contrast 
to the change in magnitude of the concentration difference between maternal and foetal circula- 
tions during the same time. At the beginning of the period the concentration difference is 
343 mg/100 ml. and at the end about 70 mg/100 ml. If placental transfer was by simple diffusion 
one would expect evidence of a marked change in transfer rate during the same time. 

Examined in this way, it is clear that simple diffusion will not adequately account for the 
quantitative results of placental glucose transfer. Its failure may be briefly summarized as_— 
follows: 

(i) In experiments of Type 1, after 30 min during which the foetal glucose concentration may 
have risen by 150 mg/100 ml., it starts to fall again in spite of the existence of a concentration 
difference between mother and foetus of 300 mg/100 ml. This concentration difference is more than 
10 times greater than that normally found, and there is no evidence of excessive foetal utilization 
or loss, Thus the rate of glucose transfer cannot be in simple proportion to the concentration 
difference, 

(ii) From 30 to 150 min the experimental evidence suggests a relatively constant rate of glucose 
transfer, although the concentration difference across the placenta shows a fivefold change 
during the same period. 

In addition to the quantitative circumstances described, there is considerable qualitative 
and Alexander al., 
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when a foetal hyperglycaemia is artificially produced, the same is not true of fructose. It is 
difficult to imagine a physical sieve across which simple diffusion occurs which yet would so 
completely separate glucose and fructose molecules. 


CARRIER TRANSFER HYPOTHESIS 
The inability of simple diffusion to explain the quantitative spills described, 
and the qualitative circumstances associated with the different placental 
behaviour towards glucose and fructose, suggested that a carrier system was 
_ involved. A carrier system was therefore postulated to be as simple as would 
fit the qualitative a0. esincomeas and was based on the three following 
assumptions: 

(i) The carriers can adsorb glucose but not fructose. 

(ii) The carriers are in adsorption equilibrium at each interface with 
glucose in the respective circulations and are distributed equally between 
maternal and foetal interfaces. 

(iii) The carriers pass backwards and forwards across the membrane due to 
thermal agitation irrespective of whether they are saturated with glucose or 
not. 

It follows from these assumptions that isothermally the net rate of transfer 
will be proportional to the difference in the fraction of saturated carriers at 
the two sides. 

The adsorption equilibrium is defined by application of the Adsorption 
Equation evolved by Langmuir (1918). Thus, the adsorption — at 
any interface can be expressed as 

(1) 
where 6 is the fraction of carriers saturated with glucose molecules, C is the 
concentration of glucose in the solution at the interface, k being a constant. 
¢ (also a constant) is proportional to the reciprocal of the average life of the 
glucose-carrier adsorption complex. 

It is worth noting here that in the Michaelis-Menten equation an expression 
for the fraction of enzyme combined with substrate takes on the same form 
as eqn. (1). Thus, whether the carrier-substrate adsorption is thought of as 
physical or as a reversible chemical combination, the nature of the expression 
for the equilibrium will be the same. The new placental transfer rate will be 
given by 


Transfer rate = K{6,, —0,} (2) 
KC,  kC 


where the subscripts m and f refer to maternal and foetal sides respectively, 
and K is a constant. 
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The assumption that the carriers are in equilibrium with the respective 
glucose concentrations at either interface is an approximation which will hold 
so long as the rate of attaining adsorption equilibrium is rapid relative to the 
movement of carriers. In practice, transfer of carriers will effect a small 
perturbation of maternal and foetal equilibria, and in opposite senses, but 
this may be taken to be trivial. In any case, eqn. (3) is of limited use without 
knowledge of the values of the respective constants, but it can be simplified 
in the case of the two extremes. If the concentrations are small such that 
¢, 


Transfer rate= K 5 (4) 
If the concentrations are large such that kC > ¢, 
| 
Transfer rate = K (5) 
Taste 1. Concentration data from Fig. 1. If transfer across placenta is by diffusion, transfer 
rate should be proportional to concentration difference. If by carrier transport and approxi- 


mation of eqn. (5) holds, transfer rate should be proportional to a--z-| (col. 5) 
Maternal glucose Foetal glucose 


Time concn. (C conen. (C,) 
(min) (mg/100 ml.) (mg/100 ml.) {Cy Cy} C; 
(1) (2) (3) (4) (5) 
30 528 185 343 0-0035 
60 344 469 175 0-0030 
90 280 150 130 0-0031 
120 228 132 96 0-0032 
150 183 113 70 0-0035 
180 157 91 66 0-0046 


_ Under normal physiological conditions a saturation of carriers to the extent 
of about 50% would probably be required to give the necessary practical 
efficiency and, under such conditions, the magnitude of ¢ would be of the 
same order as that of kC,, where C, is the resting concentration. 

In the hyperglycaemia experiments of Type 1, both maternal and foetal 
glucose concentrations were high during the period from 30 to 150 min, being 
of the order 10 times normal resting values at 30 min and 3 times resting 
values at 150 min. Since C>C, and kC >kC, = ¢, it seemed justified to try the 
approximation of eqn. (5), This has been done in Table 1. 

This approximation is in close agreement with the experimental evidence of 
a relatively constant net glucose transfer during the period from 30 to 150 min. 
This also suggests that, under such high glucose levels, the carriers are 
approaching full saturation on both sides and that the net transfer would be 
smaller than expected from the concentration difference. 

The dependence of the fraction of saturated carriers upon concentration 
defined in eqn. (1) is indicated by a curve such as that shown in Fig. 4 which 
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demonstrates how, at lower concentrations, a small difference in concentra- 
tions such as normally exists may be equally effective in maintaining the 
difference in the fraction of saturated carriers and thus an adequate transfer 
rate. 

So far as experimental evidence to date goes there is no net ‘against the 
gradient’ placental glucose transfer, and, in the kinetics derived, the direction 
of transfer is determined by which concentration is the greater. The hypothesis, 
although speculative and permissive only, has therefore led to a type of 
kinetics which could explain the quantitative circumstances associated with 
placental glucose transfer in the sheep. | : 


Concentration (mg/100 mi.) 

Fig. 4. Type of curve obtained from eqn. (1) relating saturation fraction (6) to concentration. 
In this illustration the value of the constants of eqn. (1) have been arbitrarily fixed such that 
¢/k =25 mg/100 ml. to show how it would be possible for the difference in saturation of maternal 
and foetal carriers to be less when C,,, = 344, C,=169 (C,, - C,=175 mg/100 ml.) than when 
On =48, Cy =34 (C,, —-C,=14 mg/100 ml.). 


Entry of glucose into erythrocytes 
The sheep experiments described lack the precision possible in experiments 
with erythrocytes, but there are features in them resembling those demon- 
strated in the erythrocyte by LeFevre. For example, the chief factor in the 
diminution in placental transfer appears to be the raised glucose level on the 
foetal side of the placental barrier; this is analogous to the raised internal 
concentration in the erythrocyte. It would thus be of considerable theoretical 
pe to see if the approximation of eqn. (5) could be applied to erythrocyte 
es. 
LeFevre investigated erythrocytes in isotonic saline, to which 20% by 
volume of isotonic saline plus six times the required concentration of glucose 
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were added. The cells rapidly shrank in the hypertonic mixture and then more 
slowly returned towards their original volume (V,) as glucose entered. This 
change in volume was followed by a photoelectric method. 

Using isotonicity units, diffusion across the red cell membrane would lead 
to the following expression relating time, volume, extracellular glucose con- 
centration and the permeability constant K: 


Ki=1 —V}. 

In this expression C,=extracellular concentration of glucose in multiples of 

the isotonic concentration, V =volume of cells in fractions of the isotonic 

volume, and K is the permeability constant. 

Applying the approximation of eqn. (5) in the form 

where Q is the amount of sugar transferred, the expression obtained is 


where the same convention is used, but K’ has different dimensions by virtue 
of the use of reciprocals of the concentration. 

Eqns. (6) and (8) can be used to derive swelling time curves in different 
glucose concentrations. Those obtained from eqn. (6) were shown by LeFevre 
to be inconsistent with the experimental results. 

Curves derived from eqn. (8) can be made to give a more reasonable fit, 
although they give too rapid initial swelling rates. This would be expected 
since the approximation does not hold at low internal concentrations. 

Eqns. (6) and (8) make it possible to suggest a theoretical basis for the way 
in which the apparent permeability constant K, of eqn. (6), should change 
with concentration. For, if it be presumed that eqn. (8) more closely represents 
the kinetics of penetration and K’ is a true constant, then K must change so 
that | 


K eqn. (6) 
K’ eqn. (8)’ 


and values of this fraction can be calculated for different concentrations and 
volumes to which the cells return in the measured time on which the estimate 
of K is based. These values are given in Table 2. Although the fraction K/K’ 
depends to a small extent upon the degree of return to normal volume taken, 
the chief difference between the two equations (6) and (8) is in the term C,? 
which is independent of the volume. 
Taking 0-95 as a representative value for V/V,, it is possible to predict 
a range of values of K for different concentrations which can be compared 
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with those obtained by Wilbrandt ¢ al. Thus, arbitrarily fixing a point for 
isotonicity at K=1, K’ =0-76, other values of K can be predicted and should 


be as shown in Fig. 5, where the predicted values have been superimposed on 
the published data of Wilbrandt e¢ al. | 


Tanz 2. The ratio K/K’ which would be obtained if eqns. (6) and (8) were used 


on the same data 
C, isotonicity units | 
V/V, 10 O777 0-555 0-500 0-333 0-250 0-1667 
060 8653 23 — — 
0-70 28 6-3 26 54 — — — 
0-75 2:3 475 143 22 — — — 
0-80 19 376 10 14 66 — — 
0-85 1-7 3°14 75 10 34 99 — 
0-90 15 2-67 6 7-7 22 49 180 : 
0-95 1-32 2-3 4:9 6-2 15-7 31 86 
0-99 116 20 4-0 5-0 11-9 22 53 


0 | 1-0 20 30 
log 100 C, 


Fig. 5. Variation of apparent permeability constant with glucose concentrations. Experimental 

results of Wilbrandt et al. showing variation of permeability constant with glucose concen- 
tration. O and @ refer to results obtained by a direct and indirect photoelectric method 
respectively. Taking @ as reference point where K =1, points x represent calculated values — 
of K on the assumption that K’ of eqn. (8) is constant. For fuller details see text. 
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Plotted on a double logarithmic scale the predicted values fall close to 
a straight line with a slope of —2, demonstrating the preponderance of the 
C,2 term. This slope of predicted values is in reasonable agreement with 
experiment, particularly at high glucose concentrations. 

These investigations therefore suggest that the carrier kinetics derived are 
not inconsistent with erythrocyte measurements, and it is felt that theoretical 
considerations of a more ee kinetics, based on the same hypothesis, 
may merit record. 

A more generalized kinetics 

In the derivation of eqn. (3) it was assumed that the carrier molecules were 
equally distributed between maternal and foetal interfaces. Implicit in this 
assumption is the further assumption that the energy required for saturated 
carriers to cross from maternal to foetal interfaces is the same as from foetal 
to maternal. Similarly, the energy required for unsaturated carriers to cross 
in either direction is presumed equal. 

While this may be true where the carriers are in a neutral membrane and 
_ are themselves unaffected by the ionic environment at either interface, it 
would not, in general, be true for membranes across which an electrical potential 
exists or in which the free energy of the carriers is not the same at the two 
interfaces. Further, the fact of saturation may alter the free energy of the 
carrier. Allowance may have to be made for four different energy requirements: 
the energies required by saturated and unsaturated carriers to cross from one 
interface (S,) to a second (S,), and the energy requirements of saturated and 
unsaturated carriers crossing in the reverse direction (S, to S,). 

If the four energy requirements are different from one another, the number 
of carriers at each interface would no longer tend to remain the same, and this 
fact, as well as the energy requirements, would influence the rate of transfer. 

To derive the kinetics appropriate to this more general case, the assumption 
is made that the carriers are insignificant in numbers relative to the main 
structural elements of the membrane, and that there are no structural factors 
impeding the redistribution of carriers between the two interfaces. 

On this basis the redistribution of carriers would rapidly occur until the 
numbers leaving each interface were equal over short intervals of time. 

Let the number of carriers in S, be n, per cm?, and let the number of carriers 
in S, be m, per cm? and let n, +7, equal N a constant. 

Let the fraction of saturated carriers having energy to cross from S, to S, in 
time dt be « and the fraction of unsaturated carriers having energy to cross 
from §, to S, in time dt be pa. 

Similarly, let the fraction of saturated carriers having energy to cross from 
S, to S, in time dt be ga, and the fraction of unsaturated carriers having energy 
to cross from S, to S, be sa. 

Let the pquibbeiam at S, and S, be 4, and @, defined as in eqn. (1). 
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When the redistribution of carriers has been effected, the total loss of carriers | 


from S, in time dt will equal the loss of carriers from S, in time dt. Therefore 


Oy. +m, (1—8,) = ga + (1 (9) 
m, 10 

6+p(1—4,) 
6, +p (1—4,) (13) 


The net transfer, however, will be proportional to the difference between the 
loss of saturated carriers from S, and the loss of saturated carriers from 8: 


Transfer rate = K’ {n,0,a—n,6,qa}, (14) 
where K’ is a constant. | 
Substituting the values for n, and n, from eqns. (12) and (13) and inserting 
values for 0, and 6,, the following relationship is obtained: 
K’aN® (00,—pq0,) 
Transfer rate =- 
1¥90,0,+2 1+00,+p+9 0) 


(15) 


This expression shows that at equilibrium, when the transfer rate is zero, 


sC,=pqC,, (16) 
| C, pq 


Thus where s, p and q are different from 1, equilibrium will not necessarily 
occur when C,=(, and ‘against the gradient’ transfer may occur where 
C,>C, so long as sC, > pq0,. 

Working in a restricted range of concentrations, such that changes in the 
denominator may not be large, eqn. (15) reduces approximately to the form 
used in isotope studies (for example by Harris & Burn, 1949) where the 
inward and outward fluxes are presumed proportional to the respective 
concentrations. 

Making s=p=q=1, eqn. (15) reduces to eqn. (3) representing the simplified 
kinetics applied to placental glucose transfer and to glucose entry into 
erythrocytes. 


Competitive adsorption. The possibility that a carrier may adsorb more than one species of 


substrate would lead to additional complications, but it is worth while examining the effects 
upon the kinetics of the last section. 
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_ The effect of adsorption of two species (A and B) can be considered on the following lines. 


kC, 
0, and 


kC, 
To simplify equations write i me 
= and 


+1 and 
Then it can be shown that in a competitive system 


y 
Let a, pa, gu, 8x, have the same significance as in the previous section—the saturated carriers 
being saturated with species A. Let wa and va be the fraction of carriers saturated with species B 
having the energy necessary to cross from §, to S, and 8, to S, respectively. 

Then, as before, the carriers will be redistributed until the numbers leaving S, and S, are equal 
over a given time. This will occur when 


(1 +2 +43) + +8) 


4 (1 +s) (4 +P) (21) 
+ 8) 9% (UY +P) 
% (yi + Py 
3 
or, on reinserting concentrations, 
) In this latter case the equilibrium ratio of concentrations of species A approaches but never reaches 
the ratios of the concentrations of species B at the two sides. If the concentration of species B 
y was maintained high at S, and low at S, by metabolic activity, then a competitive species A would 


e tend to be transferred to S, to maintain its concentration high at S, and low at 8,. 

| Thus a competitive system could effect ‘against the gradient’ transfer across the membrane in 
which there was no difference in the free energies of the saturated and unsaturated carriers at the 
two sides. 


n Competitive inhibition. If species B is unable to be transported across the membrane but com- 
- petes at interface S,, the effect on the transfer rate of species A from §, to S, can be obtained 
re from eqn. (22) by making y,=u=v=0, giving 

(Grats) 


to the denominator involving y,. The effect then is to immobilize a portion of the carriers and so 

: effect a slowing down of the transfer rate. The magnitude of y, = kC's/¢, may be large by virtue 
of of the adsorption complex being long-lived so that ¢, is small. This term could thus predominate 
8 in the denominator and cause an inhibition of greater magnitude than might be expected from 


¥ considerations of concentration alone. 
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DISCUSSION 


The transfer of substances across biological membranes presents a difficult 
problem, since, under physiological conditions, any actual absorption or 
transfer through membranes of epithelial or other cells must comprise transfer 
across relatively large distances by physical diffusion as well as across the 
more limited regions of cell membranes by processes which may or may not 
follow diffusion laws. 

The rate of transfer will therefore always contain a diffusion element even _ 
where different kinetics apply to the passagé across cell membranes. Thus, if 
carrier transfer does occur across a membrane, deviation from diffusion laws 
will only be apparent where the carrier transfer determines the rate. 

Where the diffusion gradient is large and the net transfer small, as in the 
experiments on hyperglycaemic sheep, it may be presumed that the carrier 
system is the chief rate-determining step and the deviation from diffusion 
kinetics is marked. Moreover, there is reasonable agreement with kinetics 
derived from the hypothesis of a carrier mechanism. 

Where concentrations are small, then the diffusion gradient through cells 
and intercellular spaces may be so small as to make diffusion of comparable 
importance to the carrier system in determining the overall rate. Further, 
when the concentrations are small the carrier system itself may approach 
eqn. (4) which is of the diffusion type. Thus, it is clear that at small concentra- 
tions, the fitting of experimental results to kinetics based on diffusion may be 
satisfactory and the presence of a carrier mechanism escape detection. 
Experiments with increasingly large gradients, or of constant gradients at 
increasingly high concentration levels, may be required to demonstrate whether 
there is a deviation from diffusion kinetics. . 

Where diffusion kinetics do not hold and a transport by a selective carrier 
system is being investigated, it may not be justifiable to assume that the 
inward and outward fluxes will be proportional to the respective concentrations. 
Eqn. (15), derived in a general way from the carrier hypothesis, contains 
concentration terms in the denominator which must be taken into account 
when attempting to integrate the transfer over a range of concentra- 
tions. 

No exact description of the mechanism of transfer is involved in deriving 
the kinetic relationships, but a model which adequately fits in with the 
postulates used is that advanced by Lundegardh (1940) and reviewed by 
Krogh (1946). On the Lundegardh model the membrane is to be regarded as 
an orientated bimolecular lipid and protein layer, the individual molecules of 
which may acquire sufficient thermal energy to leave one orientated interface 
and by rotation of polar and non-polar portions of the molecule enter the 
second orientated interface. The carriers on this model are molecules of the 
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same general type which may specifically combine with molecules of smaller 
species at one interface and release them at the second, or vice versa. 

The carrier hypothesis used to derive the kinetics discussed in this paper is 
essentially passive in nature. Where the membrane has a potential difference 
across it, however, more work may be done on carriers crossing in one direction 
than in another. Thus ‘against the gradient’ transfer may result, although the 
carriers themselves may still be regarded as acting passively. 

Similarly, in the competitive system, the change in chemical potential of 
the one species transferred from an area of greater to an area of less concentra- 
tion provides the energy which enables the second species to be transferred 
against the gradient, and there is, as may be expected, no circumvention of 
the Second Law of Thermodynamics. However, metabolic activity could 
supply the necessary energy for a continuing process based on either mechaniom 
to work in a biological system. 

Other possible mechanisms for ‘against the gradient’ transfer have been 
advanced. For example, Franck & Mayer (1947) suggested a mechanism for 
an osmotic diffusion pump. What methods are actually employed by living 
cells and biological systems must await further research and elucidation of 
the problem. 

Energy requirements in any ‘against the gradient’ transfer would cause 
a close correlation between such transfer and glucose metabolism. Where the 
substance transferred is itself glucose, this correlation makes elucidation of 
the underlying mechanism more difficult. 

The association of phosphorylation with glucose absorption in the intestine 
has already been mentioned. There are various possible explanations of this: 
the extreme views may be expressed as (1) phosphorylation of every glucose 
molecule is a prerequisite for its passage across a membrane; (2) since intestinal 
absorption can occur ‘against the gradient’ the phosphorylation is evidence 
of the metabolism supplying the necessary energy. 

If the first extreme is taken there is some difficulty in explaining certain 
quantitative anomalies which have been observed. Thus Fisher & Parsons 
(1949) found that the rate of glucose utilization was not in the same proportion 
to the rate of glucose absorption for different levels of the small intestine of 
the rat. They suggest that glucose translocation may be a property of different 
fractions of the populations of mucosal cells at different levels. Other anomalies 
are discussed by Davson (1951). 

- In studying the uptake of glucose by muscle in a medium containing glucose 
phosphate labelled with **P, Sacks (1944, 1945) came to the conclusion that 
glucose from the glucose phosphate entered the muscle cells but that the 
phosphate remained extracellular. He postulated a hydrolysis in the cell 
membrane which allowed the glucose to enter the cell. However, he found 
this process much slower if the animal was in a post-absorptive state. Thus 
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the rate of entry of glucose appeared to depend upon the cell requirements. 
This evidence would tend to the view that phosphorylation of each glucose 
molecule is a prerequisite of its transfer across the membrane. 

The finding of diminished entry of glucose when the internal concentration 
is presumed to be raised is in accordance with the general pattern emphasized 
by LeFevre and, if the foetal circulation be accepted as being analogous in 
this respect to the internal concentration, it is a feature common to placental 
transfer as well. It is a necessary corollary to the kinetics described in this 


ea glucose transfer it is not possible to exclude phosphorylation 
as ar. essential factor. The borders of the foetal trophoblastic cells and the 
adjacent maternal tissue give phosphatase reactions histochemically. The 
production of fructose by the placenta has been investigated by Parr & 
Warren (1951), who have studied the phosphatase activity with a view to 
explaining the production ‘of fructose along the lines of glucose phosphate 
intermediaries, but evidence that phosphorylation is a prerequisite for 
placental transfer is not yet decisive. 

It may be that the postulated carriers form complexes with the more 
reactive glycosidic radicals, supplied by glucose 1-phosphate, rather than 
with glucose itself. Such a possibility would not necessarily affect the kinetics, 
since, in a chain reaction, the observed velocity is that of the slowest component. 
As has been pointed out, the expression for the equilibrium at either interface 
is the same whether physical adsorption or reversible chemical combination 
is involved, 

If the transfer of glucose across biological membranes is to be regarded as 
@ process involving enzyme systems in conjunction with a carrier system on 
the Lundegardh model, then it is clearly a complicated system, and which 
factor determines the rate may well vary with experimental conditions. 

In consequence, kinetics which go some way to explain a particular type 
of experiment in placental glucose transfer in the sheep may not apply to 
glucose transfer under other circumstances. That they appear to apply 
_ reasonably well to the erythrocyte suggests that the same factors determine 
the rate in this site too. The satisfactory fitting of results to kinetics based on 
a carrier hypothesis, such as the one described, does not necessarily confirm 
the underlying assumptions made in their derivation. It is conceivable that 
enzymic or other processes may so combine as to give essentially similar rate 
equations. The kinetics do, however, emphasize the differences from diffusion 
which may be looked for and the similarities to diffusion which need to be 


guarded against, and may prove of value in suggesting new experimental 
approaches. 
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a carrier mechanism) is derived, and is in closer agreement with experiment. 
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SUMMARY 

1, The inability of simple diffusion to account for quantitative and quali- 
tative circumstances associated with placental glucose transfer in the sheep 
is reviewed. 
2. The possible kinetics expected under an alternative hypothesis (i.e. of 


The same kinetics are not inconsistent with experiments by LeFevre and 
others on glucose entry into erythrocytes. 
3. When concentrations are large the theory predicts that the transfer — 
rate will be proportional to the difference of the reciprocals of the concentra- 
tions: 
Transfer rate 
8, >8, 
4. A more general kinetics derived from the same hypothesis is described 
showing conditions under which ‘against the gradient’ transfer could occur. 
5. The possible admixture of diffusion, enzymic action and carrier kinetics 
in transfers across biological membranes is discussed in order to emphasize 
the possibility of confusion in looking for deviations from diffusion equations. 


The author is indebted to Prof. A. St G. Huggett, Dr F. L. Warren and Mrs N. V. Warren for the 
use of quantitative data obtained in their experiments. 
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DISTRIBUTION OF IONS IN SUSPENSIONS OF 
HUMAN ERYTHROCYTES 


7 By E. J. HARRIS anp M. MAIZELS* 
From the Department of Biophysics, University College, London, and 
_ the Department of Clinical Pathology, University College Hospital 


(Received 20 December 1951) 


It is now widely accepted that some ions, notably sodium, are subject to 
chemical forces by which they are moved across the membranes of living cells 
in directiéns which may be contrary to gradients of electrochemical potential.. 
In the case of the incubated glycolysing human erythrocyte, Flynn & Maizels 
(1949) have observed that such an output of sodium may occur without a corre- — 
sponding uptake of potassium, while accumulation of potassium within the 
cell is always accompanied by an equal or greater output of sodium. Hence, 
they suggested that the movement of potassium against the concentration 
gradient might be a purely physical consequence of the active transport of 
sodium from the cell. But potentials set up by such sodium transport, though 
perhaps sufficing to move potassium into the cell, might also be expected to 
bring about the following relations: 

[cell potassium] — [external chloride] [external bicarbonate] 
[external potassium] [cell chloride]: [cell bicarbonate] 
Since, however, the potassium ratio, [K];/[K]e, is normally about 35/1, while 
[Cl]e/[Cl]: is about 1-4/1, a purely electrostatic explanation could only apply 
to the distribution of one of these ions, and the anomalous distribution of 
the other ion must result from its being subject to additignal forces—pre- 
sumably of a chemical nature (cf. Davson, 1951). The distribution of hydrogen, 
chloride and bicarbonate ions in blood seems to accord with purely physical 
laws (Van Slyke, Wu & McLean, 1923; Henderson, 1928) and suggests that 
there is no need to invoke processes involving the expenditure of energy to 
account for differences between the concentrations of these ions within and 
without the cells. A direct confirmation of this view can only be supplied by — 
comparing the theoretical electromotive force corresponding to the ionic 
ratios with the observed membrane potential. But such a comparison, 
though practicable in the case of muscle, has not hitherto been possible for 
* In receipt of a grant for technical assistance from the Medical Research Council. 
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the erythrocyte. The purely physical nature of chloride distribution, however, 
may be established by less direct means if it can be shown that [CI};/[Clle 
depends only on pH irrespective of the state of cell metabolism and that it 
agrees closely with the ratio [H]./[H];. Evidence in favour of these relations 
is set out in the first part of this paper; the second part is concerned with 
factors governing the distribution of cations under varying conditions of 
temperature and metabolic activity. 

The metabolism of erythrocytes was varied by adding blood to physio- 
logical saline containing 3 mm inorganic phosphate, and storing for varying 
periods at different temperatures and glucose contents. Details are given in 
the next section. 


METHODS 
The following mixtures of blood and saline were prepared: (1) Samples of blood were mixed with 
40 vol. of physiological saline containing 3 mm inorganic phosphates, at 20° C. The pH was adjusted 
to give cell pH values between 6-6 and 7-5 and after 20 min the suspensions were centrifuged and 
analysed. (2) Blood samples were mixed with 7 vol. of the saline-phosphate diluent containing 


_ 1:5 % (w/v) sucrose to restrain osmotic swelling, and stored for several weeks at 4° C. The pH 


was adjusted at the outset and readjusted to the required level, at intervals during storage, by 
the addition of acid or alkali. (3) Whole blood was stored at 4° for 1 week, and samples of this 
were mixed with 40 vol. of the saline-phosphate diluent. The pH of the samples was adjusted to 
the required values and the cell suspensions incubated at 37° C for 6 hr. (4) Blood was treated as 
described in the previous section, with the addition of 0-5 % (w/v) glucose during cold-storage 
and 0-25 % (w/v) during incubation. Whatever the preparation used, all cell suspensions were 
brought to 20° C at the end of the observation period, centrifuged for 5 min, the deposit packed 
in narrow tubes (6 mm) by further centrifuging for 30 min at 1500 g and the appropriate analyses 
of cells and supernatants carried out. Chloride was measured by the method of Claudius (1924); 
phosphate by that of Briggs (1924); sodium by Salit’s (1932) method modified by Maizels & 
Paterson (1940) and potassium by the method of King, Haslewood, Delory & Beall (1942). The 
standard deviations of these methods (ten observations at the levels usually encountered) were: 
Cl+1 m.equiv; phosphate+0-18 m.mole; Na+0-6 m.equiv; K+0-7 m.equiv/l. cells, 

pH was measured with the glass electrode at 20° C, usually on an haemolysate diluted 5 times. 
This economy in blood was justified by the fact that the pH of the diluted and undiluted haemo- 
lysates was similar, the slightly lower values of the former probably being due to faint acidity of 
the saline used: 


pH of undiluted haemolysate 651 668 687 709 7:32 
pH of diluted haemolysate 648 665 685 706 £731 


Full oxygenation was ensured by mixing all bloods with large volumes of diluent in bottles which 
were only two-thirds filled, and uncapping and shaking the vessels at intervals: thus, incubated 
suspensions contained 4 ml. cells, 6 ml. plasma, 400 ml. diluent and 150 ml. air. 

It should be pointed out that the pH of haemolysate is not necessarily the same as that of the 
interior of the intact cell, but the one is probably a consistent function of the other, and evidence 
will be put forward suggesting that the two values are quite close. The absolute error of the 
pH estimations as indicated by day-to-day variations in the standards as compared with the 
phthalate buffer is probably about 0-04 unit: but in any given short run, duplicates rarely differ 
by more than 0-02 pH. 

Concentrations of cell constituents were calculated on the assumption that the erythrocytes of 
fresh blood contain 70% (w/v) water (Maizels, 1936). When the relative volume changed during 
an experiment from 100 to v,, cell water was taken to equal (70 + v, — 100) x 100/v, %. 


= 
+3 
iy 
4 
q 
: 
‘ 
q 
4 
» 
4 
rg 


42 E. J. HARRIS AND M. MAIZELS 


RESULTS 

In the section on methods, the following systems were described more fully: 
(1) blood kept at 20° for 20 min with 40 vol. of saline-phosphate diluent; 
(2) blood stored for several weeks with 7 vol. of diluent at 4°; (3) whole blood 
stored for 1 week at 4° and then incubated for several hours in 40 vol. of 
diluent; (4) blood treated as in (3) but with the addition of glucose. The 
metabolism of cells in suspensions (2) and (3) is regarded as negligible, in (2) 
because at low temperatures glycolysis, phosphorylation and dephosphoryla- 
tion are all slight (Maizels, 1943), and in (3) because insufficient glucose was 
present to maintain the glycolytic cycle. In (4) metabolism is active as shown 
by the continuous liberation of acid metabolites which necessitates repeated 
additions of alkali to keep the pH at the required level. The metabolic status 
of (1) is difficult to define, because although deficient in glucose after admixture 
with diluent, other undegraded metabolites may still be present inside the 
erythrocytes. In general, it may be said that in actively metabolizing cells — 
K tends to rise and Na to fall against their respective concentration gradients 
(Tables 16 and 3), while in cells whose metabolism is slight K tends to fall 
and Na to rise with the gradients, or if the period of observation be short, 
the cation contents may remain unaltered (Tables 1a and 3). With fresh blood 
suspensions the period of observation, 20 min, is too short to permit of 

appreciable change of Na or K content. 
Chloride distribution and metabolic activity. The various results show that the 
chloride ratio is independent of metabolic activity and of qualitative changes 
in the distribution of Na and K, in bloods kept with nutrient or non-nutrient 
media for different times and at different temperatures, and depends only on 
cell pH, so long as the concentrations of total cell base and non-penetrating 
anion remain constant. As dephosphorylation, however, causes a fairly rapid 
and significant loss of cell anion as inorganic phosphate to the external phase 
(Tables 1-3), the chloride ratios [Cl};/[Cl]e in bloods stored both at 4 and 37° 
are higher than in suspension of fresh cells at the same pH (Fig. 1). It may 
occasion surprise that at any given pH, the chloride ratios of different bloods 
vary so little. This is because these depend on total non-penetrating cell anion 
and not on ionized haemoglobin alone. The normal range for the latter lies 
between 320 and 360 g/l. cells, while that of the other non-penetrating anion, 
organic phosphate varies between 13 and 18 m.mole/l. Thus, the normal 
variations are small and the sum, phosphate plus haemoglobin, tends to be 
constant (Farmer & Maizels, 1939) so that untreated cells from different 
human bloods tend to have roughly similar concentrations of total non- 
penetrating anion. 

Titration of cell contents. From the changes in cell acid and base contents 
with pH the buffering power of the intact erythrocyte can be calculated and — 
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compared with that of haemolysed cells. A number of samples of washed 
cells from different bloods were haemolysed by successive freezings and 
thawings with CO, snow. Acid or alkali was added to undiluted haemolysate 
and the pH measured at 20°C. Fig. 2 shows that curves for the various 


Taste 1. Content of ions in erythrocytes kept under various conditions 


Cell contents* 
Days Hours Cell mequiv m.mole 
at ats pH at 

Conditions 4°C 37°C 20°C v Cl Na K TP 
(a) Blood kept with 7vol.ofdi- 0 0 6098 9% 90 #=18 9 165 
luent at 4°. Contentsofexternal 13 0 690 106 108 80 49 146 

solution: Cl 150, Na 158, 2 oO 698 tl 12 107 % 18 
(b) Blood at 4° for 7days;then 7 O 728 105 78 184 
incubated with 40vol.ofdiluent. 7 6 736 4103 #6479 «£«32 84 4124 
Contents of external solution: 7 ll 7-44 101 75 25 86 11-9 


Cl 147, Na K 5 m.equiv/1. 


0.28% (w/v) 
v, volume expressed as a percentage of the original cell volume. 
* Contents corrected for changes in volume by reference to the original cell volume. 
TP, total acid soluble phosphate. pH readings were taken immediately after adjustment of the 
reaction with acid or alkali added at the time indicated. 


- TaBie 2. Concentrations of ions in blood mixed with 7 vol. of diluent (inorganic phosphate, 3 m.mole/l. 


+sucrose 1:55 % (w/v) in physiological saline) and stored at 4° C 


Total cell 
No. D: 
sample 4°C {Cl (Clk [Nak (No, [Kl (Kh (Kh coll water 
la 0 6-98 137 150 0-91 156 28 5-66 10 144 0-0070 25 
13 6-90 142 149 0-96 149 106 1-41 9-5 64 0-15 20 
28 6:98 146 149 0-98 147 133 1-11 13-0 31 0-42 16 
1b 0 . 119 151 0-79 160 30 5-33 10 152 0-0066 26 
13 iss 123 150 0-82 149 140 1-06 10-2 50 0-20 22 
2 0 om —_ —_ 157 24 03 147 22 
: 14 Ue 144 148 0-97 150 116 1-29 6-0 50 0-12 16 
28 7-02 148 148 1-00 148 144 1-03 7-4 23 0-32 | = 
2b ° 150 0-78 157 25 6-30 0-6 150 
ia oy 4 148 0-92 150 127 1-18 6.6 41 0-16 17 
28 7-20 144 148 0-97 147 154 0-95 83 20 13 


[Cl], [Na], concentrations of internal ions, m.equiv/l.cell water 
[Cl]e, [Nae, [K]e =concentrations of external ions, m.equiv/l. water. 


haemolysed cell batches can be superimposed provided that an arbitrary 
adjustment is made setting the iso-ionic point at some particular pH; 6-8 was 
chosen as the value in the figure. It will be seen that the buffering power of 
haemolysed cells is about 54 m.equiv/l. This figure may now be compared with 
the buffering power calculated from the analyses of unhaemolysed cells. Since 
bloods were mixed with a large volume of diluent, the bicarbonate 1on has 
been ignored, and if cell base and phosphate were constant the buffering power 
of 1 1. cells would equal (Cl,—Cl,)/(pH,—pH,). This equation is applicable 
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Taste 3. Distribution of ions in blood after storage at 4° C for 1 week followed by incubation at 37°C for 
6 hr in 40 vol. of diluent with and without glucose (pH measurements at 20° C) 
(External medium, Na 150, K 5, Cl 150 m.equiv/l., inorganic phosphate 3 mm. Cell contents at start of 
incubation, Na 47, K 65 m.equiv/l., total acid soluble phosphate 14 m.mole/1. cells.) 


Analyses after 6 hr | 
incubation at pH Glucose present, 0-25% (w/v) Glucose absent 
93 102 105 101 107 109 lll 
H external medium 20°C 7-58 7°25 7-01 6-58 7-59 7-19 6-89 6-73 
H cells 20° C 7-45 7:14 6-97 6-62 7°47 7:13 6-89 6-69 
m.equiv/l. cells* 69 89 99 120 78 101 111 122 
Na m.equiv/l. cells* 34 36 4i 43 51:5 49 47 48 
K m.equiv/l. cells* 77 735 68 65 66-5 67°5 65 64:5 
TP m.mole/l. cells* 128 10-7 9-8 8-5 9-3 8-7 | 78 
Cl}, /[Cl 0-73 0-85 0-92 1-06 0-75 0-86 0-95 1-01 
a},/[Na], 2:73 2-88 264 2-60 2-06 2-38 2-54 2-54 
ton, 0040 0048 0053 0057 0053 0058 0-062 0-064 
-014 -007 -004 +002 -012 -007 -0-02 0 
log (H],/{H], -013 -Oll -004 +004 -012 -0-06 0 0-04 
=volume as percentage of original cell volume. 


* Contents corrected for changes in cell volume by reference to original cell volume. 
TP =total acid soluble phosphate. 

[Na], [K], =concentrations of internal Cl, Na, K, m.equiv/l. cell water. 

[Cl},, [Na],, [K], =concentrations of Cl, Na, K m.equiv/l. water in external phase. 


| i] 
10 
08 
66 68 70 72 7-4 
pH 


Fig. 1. The ratio [Cl}/[Cl], for erythrocytes in various conditions as a function of pH (measured 
peg: C). O, fresh cells; @, stored for 7 days at 4° C and then with glucose for 6 hr at 
37° C; ©, stored at 4° C; @, stored for 7 days at 4° C and without glucose for 6 hr at 37° C. 
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to fresh blood diluted 40 times and analysed after only 20 min. Thus, the 
chloride contents corresponding to cell pH values 6-8 and 7-34 in Fig. 1 were 
104-5 and 75 m.equiv/l. cells, equivalent to a buffer value of 54 m.equiv/l. 
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Fig. 2. The titration curve of cell haemolysates. The different symbols refer to different samples. 


Since, however, in cold-stored and incubated suspensions changes in cell base 
and total phosphate do occur during the period of observation, the following 
expression must be used: 


Buffering power = {(Cl, — Cl,) + (phosphate, — phosphate.) 
— (base, — base,)}/(pH, — pH,). 
In this equation the data for cell contents must be corrected for changes in 
cell volume and referred to 11. original cells. Thus, if the relative cell volume 
at pH 7-4 were 100 and Cl content 80 m.equiv/l. while at pH 7-0 the volume 
were 110 and Cl 95 m.equiv/l. the absolute increase in cell chloride between 
pH 7-4 and 7-0 would be 95 x 1-10 — 80 x 1-00 or 24:5 m.equiv/I. original cells. 
Cell phosphate must be expressed in m.equiv and is derived from the 
tabulated number of millimoles by the assumption that the valency is 
0-1 unit greater than the valency of inorganic phosphate at the same pH 
(Farmer & Maizels, 1939). On this basis the buffering power, f, of the 
following has been calculated: (2) cells stored at 4° C., (3) cells incubated at 
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37° C without glucose, in which little or no metabolism is taking place, 
(4) cells incubated at 37°C with glucose and therefore metabolizing actively. 
The details derived from Tables 1a and 3 respectively are as follows: 


B,={(108 — 90) + (1°68 x 14-5 — 1-88 x 15-5) — (129 — 139)}/(7-35 — 6-90) 
|  =52 m.equiv/l. cells, 
By ={(120 —69) + (1-52 x 8-5 — 1-90 x 12-8) — (108 — 111)}/(7-45 — 6-62) 
=51 m.equiv/l. cells, 
Bg={(122 —78) + (1-58 x 7-8 —1-92 x 9-3) — (113 — 118)}/(7-47 — 6-69) 
=56 m.equiv/l. cells. 


Thus the buffering power of intact erythrocytes in differing states of metabolic 
activity are all similar and close to the buffering power of cell haemolysate. 
Chloride and hydrogen ton distribution. If Cl and H ions were in fact subject 
only to physical forces, the Donnan relation should be applicable, and [Cl};/[Cl]e 
should equal [H]-/[H]:. The accuracy with which this can be demonstrated 
depends on the reliability of the pH measurements. Since the error in these 
may approach +0-02 unit, the relevant data in Table 3 have been given in 
logarithmic form as more appropriate to the accuracy attained; it will be seen 
that the agreement between log [Cl];/[Cl]e and log [H]e/[H]; is satisfactory. 
Tastz 4, Distribution of H and Cl ions in blood after storage at 4° C for 1 week, followed by 


incubation at 37° C for 6 hr in 40 vol. of diluent with and without glucose (pH measurements 
at 37° C) 


Glucose present, 
0-25 % (w/v) Glucose absent 
external medium 37° C 711 7-42 7:13 7-51 
H cells 37° C 6-99 7:26 7-04 7:34 
116/142 102/142 122/142 104/142 
(Cl), /[Ct}, -0-09 -0-14 -0-07 -0-13 
-0-12 -0-16 -0-09 -017 


[Cl], = chloride concentration m.equiv/l. water, etc. 


However, the latter value in this experiment was obtained on haemolysed 
undiluted cells, and the possibility exists that it might differ significantly 
from the true ratio obtained with intact cells. But this possibility is rendered 
unlikely by the observations of Rapoport & Guest (1939) which show that for 
plasma and intact erythrocytes the ratio [H]e/[H]; calculated from CO, and 
bicarbonate values agrees over a wide range of pH with the value [Cli /[Che. 


It therefore seems likely that direct measurement of pH on haemolysates gives 


values approximating to those in the intact cell. In the previous experiments 
all pH measurements were made at 20°C; Table 4 summarizes the H and 
chloride ion ratios in bloods incubated with and without glucose, the pH 
measurements being made at 37°C. The findings here also suggest that 
[Cl}:/[Cl]e and [H]e/[H]; approximate whatever the state of cell metabolism. 
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‘Distribution of base. While the distribution of individual bases at 37° C 
depends upon metabolic activity, it is of interest to inquire whether, in the 
absence of metabolism, this distribution tends to conform to the require- 
ments of the Donnan effect as inferred from the chloride ratios. Table 2 shows 
that for cells stored at 4° C in a saline-phosphate medium containing sucrose 
the ratios [Cl}:/[Cl]Je and [Na]./[Na}; do in fact tend towards equality after 
4 weeks’ storage, but the ratio [K]-/[K); is still rising after 4 weeks at 4° C, and 


itis not possible to state definitely that it would conform ultimately with the 


chloride ratio 
DISCUSSION 


It has been seen that the value [Cl];/[Cl]e depends on pH and not on metabolic 
activities within the erythrocyte. It has also been shown that, from values 
for the variations in cell acid and base with pH, a curve can be drawn corre- 
sponding to the direct titration of cell haemolysate, both curves giving a 
figure for cell buffering of about 54 m.equiv/l. cells. This value corresponds 
closely to Adair’s (1925) figure for the buffering power of HbO,—which was 
9-9 equiv/mole or 50 m.equiv for the 340g HbO, present in 11. normal 
erythrocytes. This is to be expected, for though phosphoric esters bulk largely 
in cell composition and base binding, they contribute little—about 12°4— 
toward cell buffering. 

The importance of the foregoing is twofold: first, it shows that the valency of 
haemoglobin is the same in the intact cell as in haemolysate; this is not 
inevitable, for it is in fact conceivable that aggregation of protein molecules 
might occur in the intact erythrocyte and depend on the metabolic state of the 
cell. Secondly, it is consistent with the chloride distribution between erythro- 
cytes and an external medium being determined by purely physical forces. 
This is implicit in the work of Van Slyke e¢ al. (1923) and of Henderson (1928) 
carried out on fresh blood at 37°, with the cells presumably metabolizing 
actively, but it was necessary to confirm its independence of metabolism, 
before the chloride distribution could be considered in relation to that of 
potassium. | 

Distribution of cations at 4° C , 

It has been seen that during cold-storage the chloride distribution charac- 
teristic of cell suspensions is reached quickly and is maintained as long as the 
pH, organic phosphate and total base of the erythrocyte remain unaltered, 
irrespective of qualitative Na and K exchanges (Table 2). The movement of 
Na ions is much slower, but the incomplete data suggest that some time after 
the fourth week equilibrium is likely to be reached with [Na]e/[Na}: becoming 
equal to [Cl];/[Cl]e: indeed, in the more alkaline systems, this equality is 
approached in 2 weeks (No. 16, Table 2) and attained in 4 weeks (No. 26). 
The ratio [K]e/{K]} is initially very low, and even after 4 weeks at 4° C, [K]e is 
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still only about half of [K];. This contrast is due to the initial concentration 
differences of the two cations being unequal, and to the fact that K leaves the 
cell more slowly than Na enters. Nevertheless, after 4 weeks at 4°, cell K is 
still falling rapidly, and it is likely that after about 8 weeks, the ratios [K}e/[K):, 
[Na],/[Nah and [Cl};/ [Cl]e will all be similar. 

In order to analyse quantitatively the rate of change in cell base during 
storage at 4° C, it is necessary to take account of the increase in volume which 
occurs under these conditions (Table 1a). To allow for these volume changes, 
the Na content per cell at a particular time may be expressed as V([Na);, 
where V =the volume of water in the cell. At some other time, both factors 
may have changes to new values (here distinguished by primes) and the new 
content is V’[Na’];. The increase in Na content, V’[Na]':— V[Nah;, is the result 
of two opposed fluxes; Sx,{[Na]e inwards and Sx,[Na]; outwards, operating 
during the time interval. Here, S is the surface area which is considered to be 
constant (cf. Ponder, 1948) and x, and x, are the true inward and outward 
' permeability constants. Over a short time interval 6¢ 


5(Na content) = S(«,[Na]e—«,[Na],) 5¢. 
Dividing by V,, the volume of fluid in the cell at ¢=0, 


0 0 


= 8¢, 


k, and k, being the inward and outward ‘transfer constants’ which refer to 
unit volume of cell water (Harris & Maizels, 1951). It is to be noted that here 
k,=k,V,/S and x,.=k,V,/S, where V, is the volume of cell water and not the 
volume of the cell itself. (V) was used in the latter sense by Harris & Maizels, 

1951. But though the values of the permeability constants so obtained were 
quantitatively comparable, since cell volume depends directly on the amount 
of cell water, it is nevertheless incorrect to relate the constants to cell volume.) 

To evaluate the transfer constants from the experimental result a relation 
between k, and k, is needed. It was thought (Harris & Maizels, 1951) that in 
the absence of metabolism k, and k, would be equal, so that eventually equal 
sodium concentrations would be attained within and without the cells, 

according to the relation k,[Na]e=k,[Na]; (t= 00). However, the asymmetry 
produced by non-penetrating cell anion discussed in the present paper shows 
that equality of the transfer constants can only apply at about pH 6-8. At 
equilibrium and in the absence of active transport, at any pH other than 
6-8 [Na]e/[Na]; presumably must equal [Cl];/[Cl]e. If these ratios equal 1/r 

than k,/k,=r. The equation for sodium transfer then reduces to 


5(Na de. 
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The cells were not swollen at the start of the experiment and the value of V, 
may be taken to equal 0-7 1./1. cells, that is the volume of water in 11. fresh 
cells. The equation has to be integrated graphically using plots of [Na]; and 
r[Na]e against time. The values of k, and k, may then be calculated from data 

similar to those shown in Tables 1 and 2, Thus, in Expt. 1a of Table 2, k, and 
4 k, came respectively to 0-0035 and 0-0036 hr- for the first 13 days of storage 
at 4°C and to 0-0024 and 0-0024 hr-? during the subsequent 2 weeks; in 
Expt. 1b, k, and &, were 0-0048 and 0-0058 hr-. In Expt. 2a, , and k, were 
00040 and 0-0042 hr- for the first fortnight and 0-0040 and 0-0042 hr- 
during the second fortnight; in Expt. 2b, k, and k, were 0-0039 and 0-0045 hr-1 


Time weeks we 2 4 8 
Cells lysed (%) 0 0-5 20 4-2 
Cells: 
) pH 20° C 7-54 7:36 7-28 7-15 7-00 
100 103 119 131 135 
Na m.equiv/l. cells* 12 53 93 115 131 
K m.equiv/I. cells* 102 69 56 47 46 
[Na] 17 73 104 114 124 
i Abo 146 95 63 47 43 
—. 
[Citrate™] 0 7 16 30 
} Plasma: 
[Na] ; 189 166 156 152 146 
1-0 1-5 1-7 3:3 6-4 
[Citrate] 85 85 86 70 
| ? v=volume as a percentage of original cell volume. 


4h by 10 the ceiginal cell volume. 
, Square brackets indicate concentrations, e.g. [HbO, ]=concentration of oxyhaemoglobin 
anion, m.equiv/l, cell or plasma water. 
during the first 2 weeks of cold-storage and 0-0037 and 0-0041 hr-! during 
the second 2 weeks. Changes in K content brought about by cold-storage do 

) not follow a simple course. Ponder (1951) describes loss of K at 4°C by 
means of an equation: cell K = N, exp (—a,t)+N, exp (—o#), the first term 

: becoming negligible after about 1 week. He also suggests that the ratio 
[K}:/[K]e inclines asymptotically to a value greater than 1. Our results also 

: indicate that the rate of loss of K decreases progressively, the decrease being 
most marked during the first week of storage, but the time data would seem 
; » to leave open the possibility that at equilibrium (say between 4 and 8 weeks) 
this ratio might well be about unity: a little more or less depending on pH. 
4 (Indeed, in citrated blood (Table 5), [K]; equals [K]e after 4 weeks’ storage 
at 4°C.) Moreover, one hesitates to subscribe to a division into two ex- 
ponentials because the explanation of the change in rate of K loss may lie in 
an actual diminution of the rate constant, rather than in the presence of two 
components. Sufficient information about the mechanism of K transfer is 
PH. OXVIII. | 4 
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still not available to permit of calculation of the rate constant from chemical 
analyses alone. An isolated tracer experiment we have made indicated that 
at 4° C the K influx was 0°12 m.equiv/hr/l. cells. The cells initially contained 
98-5 m.equiv K/l. so the rate of introduction of tracer K was not much less 
than that reported by Raker, Taylor, Weller & Hastings (1950) and by Sheppard 
& Martin (1950) for a temperature of 6° C. There was in our experiment a simul- 
taneous net loss of K equal to 0-16% per hr, or about 0-16 m.equiv/l. cells/hr. 
If, now, this net rate of K loss, 0-16/0-7=0-23 m.equiv/hr/l. cell water, be 
compared with the net rate of sodium gain given by k,(r[Na]e—[Na]:), which 
for fresh cells at 4° C will be about 0-004 x (150—20) or 0-52 m.equiv/l. cell 
water/hr, it becomes evident that Na gain is the faster. It is this process which 
brings about an increase in the base content of cells when they are kept in 
the cold, even when the external medium is made hypertonic with sucrose, 


and which induces cell swelling in stored citrated blood even when the 


negative charges on non-penetrating external citrate are considerably greater 


than those of cell haemoglobin and organic phosphate combined. The degree 


of swelling is illustrated in Table 5, which also shows that the amount of 
Na entering the cell during cold-storage is greater than the net K loss during 
the same period. (It may be noted that this swelling is a contributory, but 


_ not the main cause of haemolysis in blood stored for transfusion, for according 
to Mollison & Young (1942) stored cells begin to haemolyse before attaining 


the critical degree of osmotic swelling characteristic of lysis in fresh cells.) 


Kinetics of potassium transfer at 37° C 
Four matters relevant to the transfer process merit consideration here: 
External potassium concentration and the rate of potassium transfer. It has 


been shown that the transfer of sodium at 37° C can be treated as two first- 


order processes, one directed outwards and the other inwards (Harris & 
Maizels, 1951). The same treatment was applied to the kinetics of transfer of 
radio-K by Raker et al. (1950) and by Sheppard & Martin (1950). Since in 
such a first-order process [K],/dt=k,[K]e—4,[K)]j, influx must be proportional 
to Ke. Nevertheless, both Raker e¢ al. and Sheppard & Martin agree that the 
rate of exchange of potassium at the steady rate (constant internal and external 
K concentrations) is independent of [K]e within wide limits: Raker et al. 
mention 2-74 m.equiv/l. From this last, it follows that the transfer must in 
fact be a zero order process within these limits. It is to be noted, however, 
that in any given experiment by these groups of authors, the external 
concentration of total potassium was constant and it was only the ratio 
[“K]-/total [K]e (or specific activity) which varied. Accordingly, the pro- 
portion of the influx due to “*K varied and **K influx behaved as a first- 
order process, although the influx of total K is governed, as we have seen, by 
a zero-order process. The formulation of Raker et al. would, therefore, give 
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the correct value for the exchange constant (k,), being inapplicable only in 
experiments where total [K]. or total [K], varied. Such variation in con- 
centration occurred in certain of their low temperature runs, but there seems 
no reason to question the turnover rate found at 37° C, and it is this value 
which will be used in the subsequent discussion. . 
External potassium concentration and cell potassium concentration. In glucose 
solutions at 37° C, Flynn & Maizels (1949) have shown that the concentration 
of external K, provided it exceeds a certain minimum (1-3 m.equiv/l.) has 
little influence on the concentration of cell potassium attained after 20 hr. 
The following results are taken from their.table 3: 
External concentration of K (m.equiv/l. water) 20 24 5:3 3-4 0-5 
Internal concentration of K (m.equiv/l. water) 97 124 124 #120 ~+# 102 
If the first order equation set out above is applied, increase of external 
potassium ought to lead to a higher internal potassium level—unless k, were 
proportional to [K]e, which according to Raker e¢ al. is not the case. 
Variation in the rate constant for potassium influx. When K-depleted cells are 
put in glucose-containing media at 37°C, they may gain K at a rate of 
2-3 m.equiv/l. cells/hr. Table 1b shows a value of 1-8, Flynn & Maizels (1949) 
reported a rise of 14 m.equiv in 6$ hr, i.e. 2-15 m.equiv/hr, and values exceeding 
this are not uncommon when observations are made during the first few hours of 
incubation. But Raker et al. found the rate of gain and loss of K by erythrocytes 
in the steady state at 37° C to be only about 1-5 m.equiv/I. cells/hr. So clearly, 
even in the unlikely event of efflux ceasing completely in the K-depleted cells, 
the net rate of gain of K could only be 1-5 m.equiv/hr, unless K influx were 
increased above the steady state value during the time that a net gain of 
cell K was taking place. In this case the influx must be high when [K]; is 
low, falling to a constant low value as [K]; reaches the steady state level. 
Relation of the external and internal potassium concentration ratios to the 
chloride ratios, The steady state value of [K]e/[K)]; in fresh blood (0-03) is very 
different from the ratios [Cl];/[Cl]e or [H]e/[H]; (0-7). So great a difference 


could hardly be explained by differences in the thermodynamic activities of 


K and chloride in the cell medium. 

The foregoing considerations taken as a whole can hardly be reconciled with 
an electrostatic explanation based on the movements of K being due to 
potentials set up by the transport of Na, and they suggest that the uptake of 
K must depend on carriage by chemical groups from the exterior to the 
interior. If the turnover rate of K-carrying groups were sufficiently low, this 
tate and not the external K concentration would become the rate-determining 
factor. Moreover, if the same groups carried Na out of the erythrocytes, the 
occurrence of a high Na efflux, by bringing more groups to the exterior, could 
facilitate an increased K influx—though this does not necessarily — 
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a one-to-one correspondence must hold. Thus, there is the possibility tha 

inward transport of K is ‘geared’ to outward Na transport by the use of 
a common carrier. Ponder (1950) invokes an active K transport system, but 
does not adduce arguments against the accumulation being a passive con- 
sequence of Na extrusion. 


The properties of an erythrocyte lacking potassvum transport 

We have found in dog’s blood that [Cl}i/[Cl]e is 0-73, with [K]e/[K),, 0-3 : 
the disparity is much less than in human blood, but even here cation equi- 
librium must depend on a K transport system. In man, however, the latter 
must be considerably more active. It is of interest to surmise how the 
chemistry of the erythrocyte would alter in the complete absence of a K carrier. 
In this consideration it will be assumed that for environmental or other reasons 
plasma pH is set at 7:5 (at 20°C), that its base concentration is set at 
160 m.equiv/l. water, that the outward transfer constant for Na is about 
0-2 hr-! and that the inward transfer constant is about one-tenth of this. As 
a physical result of the potentials set up by the active transport of Na out- 
wards, K will be directed into the erythrocyte so that at the steady state the 
cell may contain 144 m.equiv K and 16 m.equiv Na/l. water. With plasma K 
unchanged at 5 m.equiv/l. water, the ratio [K]e/[K]; in our theoretical system 
might still be the same as in actual blood, 0-03/1; but [Cl]/[Cl]e and 


[HCO,}:/[HCO,]e would now be set correspondingly at 0-03/1, instead of 0-7/1 — 


and with a normal plasma pH of 7-5 the cell pH would now be 5-8 instead of 
7-3. In such a cell haemoglobin would act as a cation and with [Cl], and 
[HCO,}; together amounting to only about 7 m.equiv/1. cell water, neutraliza- 
tion of base would have to be accomplished by a rise in cell phosphoric esters 
from 30 m.equiv/l. at pH 7-3 to 110 at pH 5-8; or allowing for changes in 
valency, from 15 to about 90 m.mole/l. cells. The chemistry of such a cell 
would then resemble that of the muscle cell, though it is doubtful if the 
_ relatively inactive metabolism of the human red cell would suffice to maintain 
this high level of phosphoric esters at a pH value so unfavourable to phos- 
phorylation as 5-8. But even if this were possible, our theoretical erythrocyte 
would contribute less effectively to oxygen carriage and to the maintenance 
of acid-base equilibrium. The range of anion exchange during the respiratory 
cycle might be adequate, but would not suffice in certain pathological con- 
ditions. Thus in alkalosis, the normal erythrocyte helps to compensate for 
hypochloraemia by discharging chloride into the plasma. Chloride so liberated 
may amount to 20 m.equiv/l. cells, an amount three times as great as the total 
Cl of the theoretical cell. Furthermore, at the low pH we are imagining, oxygen 
carriage, especially at low tensions, would be much less effective than at 
pH 7-3. It therefore seems likely that in the absence of a chemical carrier 
for K, the human erythrocyte could not properly fulfil its special functions. 
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SUMMARY 

1. The distribution of chloride between the inside and outside of human 
erythrocytes in a chloride medium depends primarily on pH and not on the 
state of cell metabolism or on the qualitative distribution of cations. 

2. Variations of chloride content with pH approximate closely to those 
expected from the properties of cell haemoglobin, and the ratio of cell and 
external chloride concentrations appears to be determined by purely physical | 
considerations. 

3. The ratio of external to internal hydrogen ion concentrations is (within 
limits of error) the inverse of the chloride ratio, but the concentrations of 
potassium in actively metabolizing cells and in the external medium indicate 
no such relation, and it appears necessary to invoke a chemical carrier to 
account for the characteristic distribution of phosphate in such active systems. 

4. Cells at 4° C in which the metabolism was at a minimum have a ratio 
External [Na]/Internal [Na] which slowly approaches unity ; some observations 
suggest that the final value may correspond to the ratio Internal [Cl]/External 
[Cl]. The rate constant for the sodium transfer at 4°C usually lies between 
0-0025 and 0-005 hr-?. 

5. The ratio External [K]/Internal [K] rises to about 0-5 after 4 weeks at 
4° C. The rate of change of sodium content is greater than that of potassium 
- content. This is a major factor in cell swelling during cold-storage. 

6. An allowance must be made for changes in cell volume when calculating 
transfer constants. 
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INTERNAL CALORIMETRY IN THE DETERMINATION OF 
THERMAL CONDUCTIVITY AND BLOOD FLOW 


| By J. GRAYSON 
From the Department of Physiology, The University of Bristol 


(Received 10 January 1952) 


The object of this paper is to examine the physical basis and validity of the 
method of internal calorimetry devised by the author for the determination of 
blood flow in deep structures (Grayson, 1951a). The present technique was 
derived from the heated thermocouple of Gibbs (1933), a blood-flow recorder 
of considerable versatility. In its original form it consisted of an iron-con- 
stantan thermocouple in which the constantan wire was prolonged and con- 
nected through iron or copper leads to an external source of current. The 
instrument, originally intended for the measurement of blood-flow changes in 
arteries and veins, has been used by many workers for the measurement of 
vascular changes in internal organs. It was embedded in the tissue under 
investigation; a constant current was then passed through the constantan 
filament so that the temperature recorded by the thermocouple was higher 
than that of the afferent blood. Subsequent blood-flow increments cooled the 
relatively hot thermocouple; decreases in flow permitted it to warm up. 
Gibbs’s method has contributed much to our knowledge of blood flow, parti- 
cularly in such structures as the brain (Schmidt & Pierson, 1934). In recent 
months the author has used a simple modification for the recording of rectal 
blood-flow changes in man (Grayson, 19515). 

These methods, however, are purely qualitative and applicable only to the 
acute experiment. Internal calorimetry was developed to overcome these 
difficulties for the measurement of blood flow in solid organs. The apparatus is 
illustrated in Fig. 1. The recorder, which is embedded in the tissue concerned, 
consists simply of a fine, electrically heated filament whose temperature may 
be measured by means of the thermocouple (R.J., Fig. 1). The filament is 
maintained at a predetermined temperature above that of the surroundings 
by accurately recorded current adjustment. Heat production in the filament 
is given by the formula H = KI?R0, where I is the current, R the resistance, 
@ the temperature increment and K a constant. With a constant temperature 
increment, thermal equilibrium is established and heat production in the 
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wire is equal to heat loss to the tissue. It has been shown that heat is lost 
partly by direct conduction to the tissues, partly to the circulating blood 
(Grayson 1951a). It will be shown that for any given value of 0, in any given 
tissue, the conductivity losses are constant and that the circulatory losses from 
the heater are a linear function of blood flow, easily measured and a useful index 


- of blood flow. 


It is the purpose of this paper to examine the physical basis of this method 
and to study its er 


\Tissue 
\ 


Fig. 1. Internal calorimetry. General circuit. Interrupted lines, constantan wire; continuous lines, 
copper wire. For description see text. 


APPARATUS AND METHODS 

Fig. The recording instrument consists of a constantan 
wire (C.W.), with two fine gauge copper wires, the heater leads (H.L.), soldered to it, one at the tip and 
the other 2mm below. A further copper wire, the thermocouple lead (T.w.), is soldered to it 0-5 mm 
further back. The constantan wire and the thermocouple lead together form the recording junction 
(R.J.). With the instrument embedded in animal tissue the galvanometer (K) calibrated by means 
of the resistance (R) records the tissue temperature in relation to the cold junction (c.J.), which 
may be inserted in a Dewar flask or alternatively embedded in a different part of the animal. 
Heating current may be supplied either from a source of d.c. such as a storage battery, or from the 
a.c. mains. In the present work the a.c, mains have been preferred. The mains voltage is stepped 
down first by means of a Variac autotransformer (V) which enables the output to be delicately 
and accurately varied from 0 to 240 V. The Variac output is fed through a fixed transformer (F), 
input 220V, output 6V. The adjustable head of the Variac thus enables a very fine control of output 
voltages over the range 0 to 6 V. An ammeter (A) records the current in the heating circuit. 

The square of the current is also recorded directly, using a Cambridge Vacuo junction (7'). This 
instrument consists of a thermojunction attached to a vacuum-mounted filament heated by the 
current to be measured, The current generated in the secondary thermoelectric circuit is thus 
linearly related to the square of the primary current. The output of the Vacuo junction is connected 
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to-a Cambridge 1.x. type unipivot galvanometer (2) and » variable resistance (eee Hig 2) enabies 
I* recorder to be calibrated against the moving-iron amm ; 
baiting 0: recorders. In the present work the blood-flow recorders used for animal implantation 
: ents were made to a standard pattern. The constantan wire was of 36 s.w.g., enamelled, 
the copper heater leads of 48 s.w.g., enamelled, and the copper thermocouple leads of 36 s.w.g., 
enamelled. They were made on the same ‘jig’, a block of dural (an alloy which does not ‘take’ 
| solder) with appropriately placed slits cut in the sides so that the wires could be stretched and 
come to lie automatically in the correct position. They were soldered using a pure zinc chloride © 
flux and the redundant wire cut off. The recorder was boiled to clean it thoroughly, and, when dry, 
carefully painted with bakelite enamel for insulation. For use in the rat, the leads were left about 
6 in. long; for the rabbit they were about 8 in. | 


220V a.c. 
"4 


X, X’, four-wafer Yaxley switch; A, and A,, thermocouple leads from recorder; B, and B,, 
heater leads from recorder; Y, Y’, two-wafer Yaxley switch; C,,C,, cold junction connexions; 
J, compensating box; V, Variac transformer; F, fixed transformer; A, moving-iron ammeter 
(for a.c. current recording); 7’, Cambridge Vacuo junction (input 1000 mA, output 9 mV); 
G, Cambridge L.¥. unipivot galvanometer; C, Muirhead Decade resistances (1 to 10 and 10 to 
1008 in series) for calibration of J* recorder against ammeter, A; K, R, connexions to 
galvanometer (KX) and resistance (R), see Fig. 1. 


Needle-flow recorders for use in man were constructed on a similar principle, except that the 
needle itself formed one of the heater leads. 36 s.w.g. constantan wire, enamelled, was used as 
before, one 48 s.w.g. copper wire being soldered to it 2 mm from the tip. The thermocouple lead 
in this case was also 48 s.w.g. copper wire, and soldered 0-5 mm further back. After cleaning and 
insulating the joints, the three wires were threaded down the needle until the thermocouple was 
just inside the bore of the needle. The heating filament lay in the bevel of the needle. The bakelite 
varnish was carefully stripped from the extreme tip of the wire which was then soldered to the tip 
of the needle, taking care to destroy as little insulation as possible. The needle was carefully 
sharpened and the heating wire finally re-enamelled with bakelite enamel. 

The connexion box. For convenience of operation, as much of the apparatus as possible was 
assem bled in a single control box, with calibration resist itivity adjustments and switch 
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to enable readings to be taken simply from alternative situations. The circuit diagram (Fig. 2) 
has already appeared in this Journal (Grayson, 1951c). It is reproduced for completeness. 
The diagram only shows two recording and cold junction circuits, but in the present work three 


against any of three cold junctions. 


RESULTS 


There are two aspects to the present investigation of internal calorimetry. 
They concern first the physical behaviour of a heated thermocouple in dead 
tissue and solid substances, and secondly the effect in living or perfused 
tissues of flowing blood. 


The physical background of internal calorimetry 
_ According to Carslaw (1921), it can be shown mathematically that with an 
electrically heated spherical source of heat in an infinite mass of material, 
a steady state is approached in which the relation between heat production 
and heat loss is represented by the equation 


[?R=4knrd 


(where k=thermal conductivity of the substance, r=radius of the sphere, 
§=temperature elevation of the sphere, = heating current and R=heating 
filament resistance). 

The filament of the heated thermocouple was short and completely enclosed 
in the tissue or substance under investigation, so that it seemed a similar 
relation might apply. To investigate this, two series of experiments were 
performed. In the first a heated thermocouple was embedded in a large mass 
of gel (10% gelatin in water) and the relation between J? and @ plotted; in the 
second @ was kept constant at 1° C and the J? value determined in a number of 
substances of different, known thermal conductivities. 

The relation between I? and 0. A standard heated thermocouple recorder, 
together with its cold junction, was embedded in a gel consisting of 10% 
gelatin and water. The preparation was immersed in an accurately controlled 
water-bath at 20°C. By adjusting the Variac head, sufficient current was 
passed to maintain a temperature increment of 0-5°C. The procedure was 
repeated at temperature increments of 1-0, 1:5, 2-0 and 3-0°C. Finally, the 
relation between J? and @ was plotted. The results of this experiment are given 
in Fig. 3A. The experiment was repeated at bath temperatures of 30-0 and 
370° C and in gels of different consistency, namely 5 and 30% gelatin in 
water. It has also been repeated in isolated animal tissues, rat, rabbit and 
sheep liver, sheep and rabbit kidney, sheep spleen and skeletal muscle from 
the sheep and rabbit. Fig. 3B shows the I*/@ relationships in dead rat liver. 
Where the observations were made on tissues from the rat or rabbit the 
recorders were implanted during life, the organ being removed post-mortem, 
complete with recorder. In every case similar results have been obtained. The 
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relation between J? and 0 was at all times linear, provided the bulk of fluid or 
tissue was adequate. 

In some experiments the bulk of gelatin was kept deliberately small in 
order to invalidate the assumption of infinity implicit in Carslaw’s formula. 
The results of one such experiment are given in Fig. 3C. It will be seen that 
I? and 6 were linearly related only when @ was small. It is clear, therefore, 
that for a simple treatment of the results to be valid, there are limiting 
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Fig. 3. The relation between J* and 6. A, recorder embedded in gel (10% gelatin in water); 
B, recorder in dead liver (implanted during life); C, recorder in inadequate quantity of gel 
(1 mm below surface); D, recorder in water, convection effects. 


conditions as regards bulk of tissue or solid used which will be considered in 
greater detail later. 

The relation between I? and k. In these experiments the value of k was varied 
by the use of different substances. @ was kept constant throughout at 1° C. 
The substances used were water, chloroform, glycerin, vaseline and mercury. 
Fig. 3D shows the relation between 0 and J? with the recorder in a fluid medium. 
It will be seen that, for small values of 6, the relation was still linear but for 


large values of 8, when convection currents became appreciable, the J? value 
was higher and linearity was lost. : 
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In the present determinations, therefore, in each fluid, a curve relating J? 
and 6 was plotted, and the J* value for a 1° C increment determined from the 
straight part of the curve. 

For such determinations careful temperature stabilization was essential. 
The same heated thermocouple was used throughout. The fluids were con- 
tained in tubes and the recorder clamped in position in the centre of the bulk 
of fluid. The tube containing fluid and recorder was then immersed in the 
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Fig. 4. The relation between J* and thermal conductivity (k). Interrupted line, needle recorder; 
continuous line, standard recorder as used for implantation. 


water-bath, usually at 20° C for a minimum of 2 hr before beginning observa- 
tions. (The water-bath temperature in each case was adjusted to the tempera- 
ture at which the internationally accepted figures of thermal conductivity in 
the International Critical Tables were obtained.) From these experiments 
curves were obtained relating the J? value (9@=1° C) to k. 

Fig. 4 gives the results of two such experiments using different recorders, 
one a needle, the other the usual standard heated thermocouple recorder as 
used for animal implantation. In each case the relation between J? and k is 
seen to be constant. Knowing the value of I*/k for any given recorder, it 
is clear that the method could be used for the determination of thermal 
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conductivities of solids or fluids. Moreover, the fact that J*/k is constant 
provides a method for the standardization of heated thermocouple recorders 
which will be considered in greater detail later. 

We have thus demonstrated that with any given heated thermocouple 
recorder, J? is directly proportional both to @ and to k. With any recorder the 
resistance R may also be regarded as constant, whence it follows that IR oc ké. 
Carslaw’s relation 12R=k4rr@ is therefore clearly applicable to the present 
work, where r is the radius of the sphere which would behave thermo- 
dynamically in the same way as the heated thermocouple. 


Limiting factors in the use of heated thermocouples 

The simple determination of thermal conductivity—and, as will be seen, of 
blood flow—is greatly facilitated by the use of Carslaw’s formula (as above). 
If conditions are such that this formula is not applicable, results cannot be 
expressed in quantitative terms. Consequently, the limiting conditions for the 
use of the recorder have been investigated. For this purpose the heated 
thermocouple recorders were embedded in a gel containing 10% gelatin in 
water. The time taken to establish thermal equilibrium was investigated—an 
important practical point—and temperature gradients measured in the gel 
along a line perpendicular to the filament and back along the wire leads. 

Time taken to establish equilibrium. With an ordinary recorder embedded in 
a 10% gelatin in water gel, current was passed through the heater sufficient 
to raise its temperature by 1° C and adjusted to maintain thermal equilibrium. 


_ The master switch of the Variac transformer was then switched off without 


disturbing the dial setting. Sufficient time was allowed for the initial tempera- 
tures to be regained, and using the master switch the current which had 
originally given an exact 1° C increment was suddenly restored. The tempera- 
ture responses in the recording couple are shown in Fig. 5A. It will be seen 
that a stable equilibrium of exactly 1° C was reached slowly and maintained 
without subsequent drift. | 

This observation was repeated for a number of different values of 9. In each 
experiment stable equilibrium was reached after time intervals of up to 5 min. 

The current required to maintain a 1° C equilibrium was also plotted against 
time by manipulating the Variac head to produce an exact 1° C rise as quickly 
as possible, then reducing the current as the temperature tended to drift 
upwards. The results of one such experiment where J? was read on the 
instrument and plotted every 5 sec using a stopwatch for timing, are given 
in Fig. 5B. It will be seen that the current required diminished rapidly during 
the first few seconds, and that a stable equilibrium was reached in about 
60 sec. 

In the practical determination of J? values it follows, therefore, that the 
quickest way of securing the equilibrium is to raise the temperature as quickly 
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as possible by exactly 1° C, then to reduce the current, just countering the 
upward drift until equilibrium is reached. 

Temperature gradients perpendicular to the filament. In this experiment the 
thermocouple recorder and six simple thermocouples were mounted on a flat 
piece of gelatin so that the recording tips of the thermocouples lay on a line 
perpendicular to the heating filament at distances of 1 mm apart. Gelatin 
was added subsequently until the thermocouples came to lie in the centre of 
a solid block of gel. Before observations were made, the preparation was 
immersed in @ water-bath at 20° C for temperature stabilization. 
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Fig. 5. The time taken to establish equilibrium. Recorder in gel (10% gelatin in water). 
A, current kept constant (shows slow rise of @ to equilibrium); B, @ raised quickly to 1° C 
by applying excess current which was then reduced to counter tendency to upward tempera- 
ture drift. 


Current was then passed through the heater sufficient to raise the tempera- 
ture of the recording thermocouple by 1° C. The heating current was left on 
and temperature records taken from each of the six thermocouples in the 
substance of the gel every 15 min and continued for 2 hr. No temperature 
change occurred in any couple after 30min. (These temperatures were 
measured by means of a moving-coil mirror galvanometer, a lamp and a scale 
capable of direct readings accurate to 0-01° C.) Fig. 6 shows the final tempera- 
tures along a line perpendicular to the heater. It will be seen that at a distance 
of 5 mm from the filament, even after 2 hr, there was no detectable tempera- 
ture increment. 

It follows, therefore, that a mass of gelatin extending for 5 mm around the 
heater may be regarded mathematically as infinite for the present purposes. 
These limits apply to 10 % gelatin in water which, as will be shown, has an 
appreciably higher thermal conductivity than animal tissues. Consequently, 
where a recorder was implanted in an animal tissue, a collar less than 5 mm in 
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radius would fulfil the mathematical conditions. Moreover, it will be seen 
from the diagram that even in a 10 % gelatin gel, at 3 mm from the wire the 
temperature increment is very small. . 

In animal tissues it is hard to determine the limits precisely. It seems 
probable that accurate determinations of thermal conductivity may be 
obtained when the collar of tissue is even less than 3 mm in radius. Thus, in 
Fig. 7, the results of an experiment are given in which records were taken from 
two rat livers before and after death of the animals. The relations of J? to 0 
were plotted during life and found to be linear over the range of 6, 0-2° C 
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Fig. 6. Temperature gradients in gel (10% gelatin in water) perpendicular to filament. 


(Fig. 7A). After death the relations were still linear over the range 0-3° C. 
However, with higher values of 0, in the case of one of the recorders which had 


been intentionally placed near the margin of liver, J? and @ were no longer 
linearly related (open circles, Fig. 7B). 


In both rats the maximum thickness of the liver in the neighbourhood: of the 


recorders was approximately 6 mm. The recorder which was centrally placed 
was thus surrounded by a collar 3 mm in radius, the other was probably not 
more than 1-5 mm below the liver surface. When 6 was 1° C, valid determina- 
tions of thermal conductivity were, however, obtained in each case. The 


practical limits must, therefore, be regarded as less than the 3 mm determined 
from temperature gradient in gelatin. - 
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It is, of course, possible to reduce the amount of tissue required by using 
lower values of . With the present apparatus, however, the technical diffi- 
culties of accurate measurement become considerable with small values of 0, 
and it is considered desirable, if possible, to use 1° C as the minimum tempera- 
ture increment. The readings, however, may be checked at any time by 
observing J? at a number of values for 6 such as 0-5, 0-8, 1-0 and 1:5° C. If the 
relationship between J? and @ is linear, then the observations may be regarded 
as valid from the point of view of thermal conductivity estimation. 


0 05 1:0 15 0 20 40 60 80 
6, 6, 


Fig. 7. The relation between J* and @ in two rat livers. Closed circles, centrally placed recorder; — 
open circles, recorder near surface of liver. A, before death; B, after death (high values of @). 


Temperature gradients back along the wire. These have been studied using 
a standard heated thermocouple recorder with six fine (50 s.w.g.) copper wires 
soldered to the constantan lead at 0-5 cm intervals back along the wire from 
the recording couple. The instrument was mounted in 10 % gelatin/water gel 
with the copper leads arranged perpendicular to the main wires of the recorder. 
Each junction between a fine copper wire and one constantan wire constituted 
a thermocouple and, using a multiple connecting box (Grayson, 1949), 
is was possible to obtain records of temperature from all six points in 
quick rotation. The experiment was performed, first with the four leads of the — 
heated thermocouple recorder partially twisted together—the form in which 
the instrument is used in practice—and, secondly, with the heater leads 
separated from the recording couple and arranged to emerge from the gel in 
the opposite direction. May 
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Sufficient current was supplied to the heater to raise the recorded tempera- 
ture by exactly 1°C. A period of 1 hr was allowed for equilibrium to be 
established. The results of the first observations are given in Fig. 8A. The 
temperature back along the wire fell over the first 0-4 cm by 07° C. There was 
no further fall in temperature along the wire buried in the gel. In Fig. 8B, 
where the leads carrying the heater current were separate, the temperature 
fell over the first 0-6 cm by 1° C to the temperature of the ambient solid. It 
must be concluded, therefore, that the increased temperature of the leads in 
Fig. 8A was due to heat production in the heater leads. This heating of the 
leads reduces yet further the effect of heat conduction back along the wire 


10 10 
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Fig. 8. Temperature gradients along wire. Recorder in gel (10 % gelatin in water). A, heater 

and in no way militates against the method. Provided the temperature drop 
along the wire is complete within the tissue, it is clear that the heat conducted 
back along the wire is itself lost to the tissues by processes of conduction. The 
wires, then, are not a source of error but merely affect those instrumental 
characteristics embodied in the standardization factor. 


The standardization of the heated thermocouple 

From the formula H oc J*R, heat production in the filament is simply related 
to the resistance. It might, therefore, be considered sufficient to measure the 
heater resistance in each case. However, the length of the actual filament is 
only 2 mm and the practical difficulty of measuring its resistance accurately is 
considerable. Moreover, other factors such as heat production in the leads 
affect the characteristics of the recorder. Consequently, a method of 


standardization has been developed based on the direct recording of J? from 
materials of known thermal conductivity. 
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It has already been shown with a standard heated thermocouple embedded 
in a sufficient bulk of material that 22 =4mrk@ (where r is the radius of the 
equivalent sphere, k the thermal conductivity and @ the temperature incre- 
ment), whence J?/k=4nr0/R. But for any given thermocouple recorder R and r 
are constant. When measurements are all made with 9=1° ©, the fraction J2/k 
is therefore also constant, and may be used as a standardization factor, F. 


_ From the simple relation [?/k=F, the thermal conductivity, k, of any sub- 


stance is given by J?/F’, when 9=1° C. The fundamental determination in the 
present work is thermal conductivity, whence this use of ‘ F’ as a standardiza- 
tion factor is clearly of great value. 3 

The practical determination of the standardization factor. The curve shown in 
Fig. 4, relating [* to thermal conductivity, was obtained using the same thermo- 
couple throughout. In this case, of course, the fraction J*/k was readily 
determined from the gradient of the curve. It will be seen that where 
k=10x10-*, J*=0-110. The standardization factor, F, therefore was 
0-110/10-*, whence F=110. To simplify the determination of F for other 
recorders, that used in the determination above was kept as a standard, and 
other recorders were checked against it (in a 10 % gelatin-water gel). Both 
standard and test thermocouple recorders were embedded, and in each case 
the J* value was determined after careful stabilization in a water-bath at 
20° C. Dividing the J? value from the instrument under test by that obtained 
from the standard a correction factor was obtained which, when multiplied 
by the value 110 already derived, gave the standardization factor of the heated 
thermocouple recorder under test. 


Internal calorimetry and lwing tissues 

From the measurements made with heated thermocouple recorders 
embedded in living tissues, it has been constantly found that the apparent 
thermal conductivity in live tissue is greater than that in the same tissue after 
death of the animal. This difference has been designated the ‘conductivity 
increment’. The present purpose is to demonstrate that the phenomenon of 
conductivity increment is due to the presence of circulating blood, and that 
quantitatively it is a linear function of the rate of flow. 

The measurement of thermal conductivity in dead tissue is an essential 
preliminary to the determination of conductivity increment. It is considered 
justifiable, therefore, to discuss some of the factors which are of importance 
in this respect. 

The effect of death on thermal conductivity of tissues. The present observations 
apply only to changes taking place in the rat and rabbit liver immediately 
after death of the animal. In the experiments shown in Fig. 9, circulatory 
arrest was induced rapidly in anaesthetized rats by opening the thorax and 
clamping the left ventricle at the root of the aorta. The results obtained when 
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death was induced less violently by an overdose of pentobarbitone sodium, 
were, however, very similar. In all cases the I? value (@=1° C) dropped 
rapidly at first, then more slowly until a steady level was reached in 10-20 min. 
In a series of thirty observations on the livers of both rats and rabbits the 
final J? value was 0-129 to 0-131, with a mean value for rabbit or rat liver of 
0-130. Applying the formula k=J*/F, the mean thermal conductivity of — 
freshly dead liver was therefore 0-130/110=11-8 x 10-* (where the standardiza- 
tion factor for the instrument was 110). Observations were continued for 
periods up to 2 hr with no further detectable change. In a small series of rats 


02 


0 i L 
0 10 20 30 40 50 60 
| Time (min) 
Fig. 9. J* recordings before and after circulatory arrest, showing the slow fall 
to equilibrium following death in two rats. 


and rabbits the livers were excised after death, and J? values determined with 
the tissue immersed in saline and stabilized in a water-bath at 37-0° C. The 
mean thermal conductivity was still 11-8 x 10-. 

It must be concluded that there is little variation in thermal conductivity 
between the livers of different animals and that, for blood-flow purposes, the 
value 11-8 x 10-* might be used for the calculation of conductivity increment. 

Water content and thermal conductivity. Although strictly beyond the scope 
of this paper, the present findings are of some interest, suggesting, as they do, 
the importance of water content in relation to the thermal conductivity of 
animal tissues. 

In five preliminary experiments a number of gelatin-water gels of known 
composition were prepared. Heated thermocouples were embedded in each, 
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and after careful temperature stabilization at 37°C thermal conductivities 
were estimated. Fig. 10 shows the relation between water content and thermal 
conductivity which was linear over the range shown. Similar results were 
obtained in each of the experiments. 

The water content of liver was estimated by the method of ‘freeze-drying’ 
to constant weight. The mean value for five livers was found to be 72% water. 
From Fig. 10 the thermal conductivity of a gel containing 72% of water was 
found to be 11-1 x 10-*. This figure may be compared with the mean value for 
liver of 11:8 x 10~*. Similar observations on rabbit kidney gave a mean water 
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Fig. 10. Relation between thermal conductivity and water content of a series of gels. — 


content by freeze-drying of 81° with a thermal conductivity estimated by 
_ means of implanted recorders, of 12-0 10-*. The thermal conductivity of 
a gel containing 81° water was found to be 11-85 x 10—. 

These figures suggest that the relation between total protein and total water 
in an animal tissue is probably a major factor in determining its thermal 
conductivity. 

Thermal conductivity and blood flow. The relation between conductivity 
increment and blood flow was investigated by perfusion of isolated organs. 
Rabbit and sheep kidney and sheep spleen were mainly used. : 

The principal technical requirement in these experiments was accurate 
temperature stabilization. It was essential that the organ itself, the perfusion 
reservoir and all the perfusion apparatus should be at the same temperature, 
namely 37°C, Any temperature inequalities between afferent fluid and the 
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organ itself would inevitably cause temperature drifts, maximum at times of 
changing blood flow, thus making the determination of I? difficult or impossible. 

The afferent artery of the organ under investigation—the splenic or renal 
artery—was cannulated. A bottle large enough to contain the organ was filled 
with saline at 37° C. Through a rubber bung, which fitted the neck, two or 
three heated thermocouple recorders were threaded and two short glass tubes, 
one of which was connected to the cannula. The recorders were inserted into 
the tissue; the organ with its connexion was then placed inside the bottle, the 
bung inserted and sealed with paraffin wax. The bottle with its contained organ 
was now placed in the large water-bath, thermostatically maintained at 37° C. 
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Rate of perfusion (mi./min) 
Fig. 11. Relation between conductivity increment and rate of flow. A, sheep spleen perfused with 
saline, three experiments; B, sheep kidney perfused with whole blood from same animal. 


Perfusion fluid, also at 37°C, was passed under pressure via the cannula, 
through the organ into the bottle whence saline was displaced through the 
second short glass tube. The rate of outflow was measured in most cases by 
allowing the fluid to drip into a small measuring cylinder and timing it with 
a stopwatch, in other cases by means of a float volume recorder. 

Two perfusion fluids were used, namely 0-9 % (w/v) sodium chloride or 
whole blood. The latter was used in sheep spleen and kidney perfusions where 
the blood was taken from the same animal. | 

The effect of perfusing a sheep’s spleen with physiological saline is shown in 
Fig. 114. In this experiment an increase in flow from 0 to 80 ml./min gave 
a rise in conductivity increment from 0 to 11-0x 10-*. Moreover, the relation 
between flow and conductivity increment was linear. Fig. 11B shows the 


result of a perfusion experiment where sheep’s kidney was perfused with whole 
blood from the same animal. 
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A total of twelve experiments have been performed, using saline, on rabbit 
and sheep kidney and on sheep’s spleen and in six experiments sheep’s spleen 
and kidney have been perfused with blood. In each case the relation between 
flow and conductivity increment has been linear. It follows, then, that con- 
ductivity increment can be used as a quantitative index of blood flow. It 
should be remembered, however, that conductivity increment recorded by 
these means applied to a small volume of tissue only. It may or may not 
follow in a perfusion experiment that flow in the immediate neighbourhood of 
the recorder is representative of flow through the whole organ. During these 
perfusion experiments, however, there was very little difference between 
conductivity increment recorded in different parts of the same organ. 
Consequently, an attempt has been made to correlate total flow with 
conductivity. | 

From Fig. 11A (where recordings were taken simultaneously from three 
different parts of the organ) the flow at 50 ml./min was 0-75 x 10-? ml./ml./sec 
(the volume of the spleen being 118 ml.). The conductivity increment was 
7-1 x 10-¢.. Flow in ml./ml./sec was equal to conductivity increment x 9-9. The 


- correlation factor using saline was, therefore, 9-9. In seven experiments where 


saline was used to perfuse the sheep’s spleen, the correlation factor calculated 
in this way varied from 9-1 to 11-0. The mean value was 10-0. 

Using blood, somewhat higher values were obtained. Thus in perfusions of 
four sheep spleens, mean correlation factors of 12-5 were obtained. 

Kidney perfusions were not found satisfactory for the determination of 
correlation factors owing to the difficulty of determining the actual volume of 
vascular tissue present. 

These findings can only be regarded as provisional. They are based on an 
assumption of homogeneity of flow in the dead organ which has not been 
adequately confirmed. They do not take into account fibrosis or proximity of 
large vessels. Nor are the numbers of experiments performed sufficient to 
warrant a dogmatic assumption of infallibility. They are only presented in 
order that a rough comparison may be drawn between the quantitative values 
found at experiment by this technique with those put forward by other workers 
using other methods. Conductivity increment is a figure which is directly 
related to blood flow. In itself, it is sufficient for most experimental purposes. 
The correlation factor 12:5, which enables direct comparisons with other 
techniques, has a certain value, but until it is confirmed by further work its 
use should be limited as far as possible. 


| DISCUSSION | 
The technical methods dealt with in the present paper have been designated 
‘internal calorimetry’ from the fact that the fundamental measurement is of 
heat transfer in internal organs. The instrument was evolved from Gibbs's 
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heated thermocouple; it bears some superficial resemblance to Rein’s thermo- 
stromuhr, but in its application to blood-flow measurements its closest 
affinity is probably to Stewart’s calorimetry (Stewart, 1912). It differs mainly 
in the direction of heat transfer; in Stewart's calorimetry this is from the 
tissues to the calorimeter, in the present technique it is from the instrument 
to the tissues. In both cases the amount of heat transferred is measured and 
the rate of flow deduced from the measurements. s 

There are technical and theoretical difficulties in any indirect method of 
blood-flow measurement. It is essential to review the basic physics as carefully 
as possible. The thermostromuhr, for example, has been the subject of critical 
appraisal (Barcroft & Loughridge, 1938), yet, despite its fallacies, it still 
retains considerable usefulness. | 

It is clear that. Stewart’s calorimetry, even when applied to the hand, 
involves greater problems than had at first been considered (Sheard, 1926). 
In the present work, too, the theoretical problems of heat transfer from the 
filament to the blood have been found most difficult, for it is hard to simplify 
the picture of the circulation in the interior of an organ. There is no single 
direction of flow; blood in the neighbourhood of the heated thermocouple is 
flowing in many directions simultaneously. Mathematically the problem 
combines the difficulties of linear flow with other complications mathematically 
akin to turbulence. From the quantitative point of view the only possible 
approach to date has been empirical. 

Internal calorimetry may be used for the measurement of thermal con- 
ductivity (Chester & Grayson, 1951); it bears considerable resemblance to 
accepted physical methods (Read & Lloyd, 1948). The present experiments 
show, further, that in living tissues with an intact circulation, the apparent 
‘thermal conductivity exceeds that value obtained from dead tissues by an 
amount designated, for convenience, the conductivity increment. Moreover, 
the perfusion experiments show that conductivity increments a linear function 
of blood flow and may be used in its quantitative evaluation. 

Preliminary experiments suggest that multiplying the conductivity incre- 
ment by a factor of 12-5 gives the blood flow in ml./ml./sec. Using this value 
the blood-flow range in the rat liver was found to be 60-130 ml./100 ml./min 
(Birnie & Grayson, 1951), a value which agrees well with the findings of other 
workers using different techniques to measure total liver flow (Bradley, 
Inglefinger, Bradley & Curry, 1945). 7 | | 

However tempting such a conversion might be it should be remembered 
that the present technique is concerned only with changes in a small, circum- 
scribed region of the organ concerned. The correlation factor must therefore 
be used with caution, even should subsequent work justify the value 12-5. 

Internal calorimetry is not, of course, a substitute for other methods of 
blood-flow measurement. There is a unique advantage in the fact that the 
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recordings are effectively from small, localized regions within the organ under 
investigation; at the same time this property means that the method must 
always be complementary to other methods for measurement of total flow. 
For animal work, however, the technique does have additional advantages 
in so far as the instrument is small, flexible and light. It can be implanted in 
any internal organ large enough to satisfy the initial requirements (Birnie & 
Grayson, 1951) and the leads brought out through the skin over the animal’s 
dorsum. The animals may subsequently be allowed to recover with leads and 
recorders im situ, and suffer apparently no disability, yet blood-flow records 
can be obtained from the liver or kidney of the conscious animal for weeks 


following implantation. 


The full scope of the method in animal work remains to be investigated. 
The results available to date are, however, encouraging, and it is considered 
that ‘internal calorimetry’ will prove to be a method of value in the determina- 
tion of thermal conductivity, conductivity increment and blood flow in 
internal organs. : 

SUMMARY 

1. The method of internal calorimetry has been evolved from Gibbs’s 

heated thermocouple for the quantitative determination of blood flow in solid 


organs. 
' 2. The standardization of the blood-flow recorders is described. 

3. The use of the apparatus in the determination of thermal conductivity 
is discussed. Water content is shown to be an important factor in determining 
the thermal conductivity of isolated animal tissues. It is shown that the 
thermal conductivity of isolated rat or rabbit liver does not vary greatly and 
may be taken as 11-8 x 10-*. The presence of circulating blood produces a big 


_ increase in the apparent thermal conductivity which has been designated the 


‘conductivity increment’. 

4. Conductivity increment is shown to be a linear function of blood flow, 
and it is suggested on the basis of preliminary in vitro perfusion experiments 
that conductivity increment multiplied by a factor of 12-5 gives the volume 
flow in ml./ml. tissue/sec. 
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During the passage of an impulse in a nerve or muscle fibre, sodium enters the 
fibre and potassium is subsequently released in equivalent amount (Hodgkin, 
1951). When an impulse travels along a motor axon, this cation exchange 
presumably proceeds until the impulse reaches the nerve terminals. Here 
acetylcholine (ACh) is liberated (Dale, Feldberg & Vogt, 1936) and, by a 
specific action on the motor end-plate, locally short-circuits the muscle 
membrane (Fatt & Katz, 1951). In this way, a propagated wave is initiated 
in the muscle fibre, involving a renewed sodium/potassium exchange of the 
same type as found in the nerve axon (Nastuk & Hodgkin, 1950). 

The mechanism by which ACh, rather than—or in addition to—potassium, 
is released from motor nerve endings remains unknown. A simple working 
hypothesis would be to invoke a mechanism in the terminal axon membrane 
similar to that in the nerve or muscle fibre: that is, a type of electric membrane 
activity whose rising phase is due to the entry of sodium ions into the terminal, 
but whose return is brought about by an equivalent efflux of ACh* ions from 
the interior of the nerve endings. According to this concept, the essential 
difference between the terminal membrane of the motor nerve and the 
ordinary axon membrane would be that a depolarization is followed, after 
a transient rise of sodium flux, by a specific rise of ACh*, rather than K*, 
permeability. A crucial test of this hypothesis would require an accurate 
measurement of the amounts of sodium and acetylcholine which flow across 
motor nerve terminals during an impulse. While this seems at present im- 
practicable, there are other experiments which are suggested by this hypothesis. 
It would be expected, for instance, that the amount of ACh released during 
the impulse, and therefore the size of the end-plate potential (e.p.p.), should 
be related to the concentration of sodium ions in the extracellular fluid. 

The object of this paper is to provide quantitative information on the effect 
of sodium ions during neuromuscular transmission. It can be shown that the 
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size of the e.p.p. at a single nerve-muscle junction depends upon the sodium 
concentration in the surrounding fluid, but these changes might be ascribed 
to an effect of sodium on end-plate receptors rather than on ACh release from 


nerve endings. We have attempted to distinguish between these factors by 


‘combining two methods: (i) measuring the e.p.p. (in response to a@ nerve 
impulse) in various ionic environments, and (ii) measuring the response of 
the end-plate to applied ACh under the same conditions. This is an indirect 
approach, and the conclusions require verification by direct measurements of 
ACh output. The effects of sodium (and of calcium) which are described below 
will be discussed in relation to the hypothesis that ACh may be released in 
exchange for sodium ions across the nerve terminals. 


METHODS 
The experiments were made on isolated muscles and, usually, on single nerve-muscle junctions 
of the frog (Rana temporaria). In most experiments an intracellular recording electrode was used, 
of the type described by Ling & Gerard (1949) and Nastuk & Hodgkin (1950). The adaptation of 
this technique to a study of neuromuscular transmission has been described in detail by Fatt & 
Katz (1951). The main observations consisted of measurements of the e.p.p. and of the depolariza- 
tion of the end-plate produced by applied ACh. 

In the latter type of experiment two alternative methods were employed: (a) the surface p.d. 
between the nerve-free end of a muscle and a region containing end-plates was measured in the 
way described by Fatt (1950); (b) the resting potentials of individual end-plates were determined 
with an intracellular electrode before and.after applying ACh to the bath. The first method is 
technically easier and allows one to make a complete series of observations on one muscle, 
changing the bath concentrations several times. It suffers, however, from the disadvantage that 
the membrane potential at the end-plates is unknown, and that measurements made with different 
salt solutions depend upon the variable short-circuiting factor of the interstitial fluid. The second 
method is more direct, but it does not usually allow one to make many measurements on any one 
_ end-plate. A comparison of the responses of different end-plates suffers from the large variability 
of their individual reactions to ACh. Another difficulty was that during repeated insertions of the 
micro-electrode at one end-plate the depolarization produced by ACh was often found to decline, 
i.e, the resting potential gradually increased although the bath concentration of ACh remained 
constant. The experiments of Fatt (1950) indicate that this effect is more marked in sodium- 
deficient than normal Ringer, and the present method would therefore tend to give relatively too 
small depolarizations in low sodium solutions. No allowance could be made to correct for this, 
but qualitatively it would appear to strengthen the argument presented below. 

In all the experiments of this group the depolarization produced by ACh was measured, 
about } min or more elapsing between the time of application and the first measurement. Some 
caution must be used in comparing the prolonged membrane response to applied ACh with the 
almost instantaneous effect of ACh released by the nerve impulse. An attempt was made to apply 
ACh very rapidly to individual end-plates by means of a special micropipette, but various technical 
difficulties made these attempts unsuccessful. 

The concentration of ACh used was 1-5 x 10~" (acetylcholine chloride in Ringer), except with 
curarized muscles when 10 times larger ACh doses were applied. In this sane sal 
of concentrations, the depolarization is approximately proportional to the dose of ACh (see, for 
example, Table 3). 

Errors due to external fluid resistance, A small error is introduced when recording with an 
intracellular electrode because of a potential drop in the fluid bath outside the fibre (Nastuk & 
Hodgkin, 1950; Fatt & Katz, 1961). When sodium is replaced by sucrose the conductivity of the 
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bath is diminished and the external potential drop increases. A reduction of sodium concentration 

to one-fifth increased the external potential by varying amounts, usually from about 3% to 

about 8% of the internally recorded potential change. In comparing the records of e.p.p.’s in 
different sodium solutions, an allowance was therefore made to correct for this error. We used no 

a correction for normal Ringer, and a maximum correction factor of 1-05 for records obtained in 

| one-fifth sodium. 


RESULTS 
A. Neuromuscular block resulting from sodium deficiency 
When a nerve-sartorius preparation is immersed in a sodium-deficient solution 
, (modified Ringer's fluid in which four-fifths of NaCl has been replaced by — 
osmotically equivalent sucrose), neuromuscular block develops, and after 
about 30 min a simple e.p.p. is obtained, similar to that in a curarized muscle. 


Fig. 1. End-plate potentials recorded with intracellular electrode. Neuromuscular block due to 
reduction of Na concentration to one-fifth. Three records from same muscle fibre: a, 0-2 mm 
from end-plate; b, at end-plate; c, 0-4 mm away. Time, msec. S, stimulus artifact. 


>‘ There is, however, an important difference between this type of neuromuscular 

| block and curarization. With curarine the end-plate becomes insensitive and 
fails to be depolarized by ACh. A lowering of sodium, however, to 20% of the 

- normal concentration has only a relatively small effect on the end-plate 
response to ACh (Fatt, 1950; § D below). This indicates that the transmission — 
block in ‘low sodium’ is due to diminished ACh output from the nerve endings 
rather than to reduced ACh action on the end-plate. 

To obtain more quantitative information intracellular recording had to be 
used (Fig. 1). The e.p.p. in sodium-deficient muscle has been briefly described 
in @ previous paper where an internal recording electrode was used (Fatt & 
Katz, 1951). The amplitude varied at different end-plates, the largest being 

{ about 30 mV. The time course is somewhat slower than in curarized muscle, 
the rising phase at the ‘focal’ position occupying about 2 msec and the time 
from the start to half-decline about 6 msec, at 20°C. These time values 
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increase more than tenfold when the preparation is treated with a cholin- 
esterase inhibitor (prostigmine bromide 10-*), the effect being much more 
striking than in curarized muscle (Fatt & Katz, 1951). 

To obtain complete nerve-muscle block, muscles were soaked for 30-45 min in solutions 
containing one-quarter or one-fifth of the normal sodium concentration. This level is not much 
higher than that at which conduction in intra-muscular nerve branches fails, and with more 
prolonged soaking there was evidence of nerve block at many places, the e.p.p. response at indi- 
vidual end-plates becoming intermittent and eventually disappearing altogether, without showing 
a gradual decline in size. 


B. Effect of sodium concentration on the end-plate potential in normal 
(non-curarized) muscle 
In Fig. 2 an experiment is illustrated in which the sodium level was lowered 
to one-half. At this concentration, neuromuscular transmission is still main- 
tained, but the rate of rise of the e.p.p. is noticeably reduced, and the spike 
origin is therefore delayed. 


Fig. 2. Effect of Na concentration on e.p.p. (non-curarized muscle, prostigmine bromide 10~*). 


a and b, same end-plate, using ‘100 Na’ and ‘50 Na’ respectively; c, another end-plate, using 
‘25 Na’. Time, msec. 


To find the relation between e.p.p. and sodium concentration the following 
_ procedure was used. Several end-plates were located during preliminary 


curarization as described by Fatt & Katz (1951). Curarine was then removed 


from the bath and, usually, prostigmine bromide 10-* was added, in order to 
make the conditions similar to those described in § D. After a further period 
of soaking (30-45 min) e.p.p.’s were recorded from the previously selected 
points, using reduced and normal sodium levels and allowing 15-20 min 
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soaking for each change of solution (cf. Fig. 5). Whenever possible, a third, 
return series was made. The lower sodium level (giving a smaller e.p.p.) was 


taken first, so that any experimental damage to the fibre would tend to 


obscure, rather than exaggerate, the effects which we are describing. To 
compare the magnitudes of the e.p.p.’s at. various sodium concentrations, the 
e.p.p. was measured at a fixed interval after its start. This gives one a measure 
of the rate of rise rather than of the peak of the e.p.p., the latter being obscured 
by the muscle spike. In some experiments, the sodium concentration was 


150 


38 


T 


End-plate potential (%) 


| 
50 
Relative sodium concentration (%) 

Fig. 3. Relation between size of e.p.p. and Na concentration (non-curarized muscle). Relative 
scales, normal Na and e.p.p. = 100%. Hollow circles: mean e.p.p. size with various Na 
concentrations. Full circle and broken line: effect of hypertonic solution, using extra sucrose 
(102 mm) instead of sodium. Dotted line: probable effect of excess sodium, allowing for 
hypertonicity. s.z. of mean shown by horizontal bars (when exceeding radius of circle). 
Numbers indicate number of experiments. 


raised up to 50% above that of Ringer’s solution, and in separate control 
experiments the effect of the increased osmotic pressure was checked by 
adding equivalent amounts of sucrose to the Ringer bath. 

The results of these experiments are illustrated in Fig. 2 and summarized 
in Fig. 3, which shows the mean ratios of e.p.p.’s at various sodium concentra- 
tions and the standard errors of these values. 

The values given in Fig. 3 for the lowest sodium concentration (‘one-fifth’) were obtained from 
a different set of experiments described in a previous paper (Fatt & Katz, 1951). They do not 
represent ‘paired’ experiments, but the mean of a large number of ‘unpaired’ observations. 


C. Effect of sodium concentration on end-plate potential in curarized muscle 
A similar series of experiments was made on curarized muscles. This had 
technical advantages, for in the absence of spikes the full size and time course 
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of the e.p.p. were seen, and in the absence of twitches many more records could 
be obtained from any one end-plate. Each experiment was completed by 


returning from the altered to the initial sodium level (e.g. Fig. 4), and in some 


experiments the temporal development of the sodium effect was traced on 
an individual end-plate, as shown in Fig. 5. It is noteworthy that the full 


Fig. 4. Effeet of Na concentration on e.p.p. ini curarized muscle, Two experiments. 
Relative Na concentrations (normal = 100) shown in figure. 


‘25 Na’ 


0 10 20 30 40 50 60 
Minutes 
Fig. 5. Successive measurements of e.p.p. on same end-plate (curarized). 
Ordinates: amplitude of e.p.p. Abscissae: time of recording. 


development took some 15-20 min, in spite of the fact that we were recording 
from superficial muscle fibres. A summary of the results on curarized muscles is 
shown in Fig. 6. The relation between e.p.p. (peak size) and sodium concentra- 
tion is almost linear over a wide range and, for small concentration changes, 
its slope is greater than that found in the non-curarized muscle (for an 
explanation, see p. 82 below). The time course of the e.p.p. was not noticeably 
affected by a variation of sodium concentration (Fig. 4). 
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D. The effect of applied acetylcholine at various sodium concentrations 

The experiments show that there is a consistent relation between e.p.p. 
size and sodium concentration. If we accept the view that the e.p.p. results 
from a reaction between ACh and end-plate, it remains to be decided whether 
a reduction of the e.p.p. at a low sodium level is due to a diminished response 
of the end-plate to a given amount of ACh or to a diminished output of ACh 
from the nerve endings. The most direct approach would be to assay the 
- quantities of ACh released into the perfusion fluid, as was done by Dale e al. 
(1936). We have used an indirect method by testing the response of the 
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Fig. 6. Relation between amplitude of e.p.p. and Na concentration in 
curarized muscle, Co-ordinates, etc., as in Fig. 3. 


end-plate to applied ACh at various sodium concentrations. If the depolariza- 
tion so obtained is independent of the variations of sodium level employed in 
the preceding experiments, then this would strongly support the view that 
a change in ACh output is the deciding factor. 

In a few experiments end-plate depolarizations were measured with external 
electrodes on m. ext. long. dig. IV and sartorius (see Methods). It was found 
that a reduction of the sodium concentration to one-half or one-quarter did 
not appreciably diminish the ACh effect and often increased it. The increase 
is, no doubt, to be explained by the increased resistance, and reduced shunting 
effect, of the extracellular fluid. To allow for such shunting, we assumed that 
in normal Ringer’s solution the extracellular resistance is equal to the internal 
resistance of the fibres (cf. Katz, 1948). With this allowance, we calculate 
(Table 1) that the depolarization of the end-plate is reduced to 0-86 in ‘half- 
sodium’ and to 0-69 in ‘quarter-sodium’. 
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More extensive measurements were made with the intracellular electrode. 
End-plates were located in sartorius muscles, as described above (preliminary 
curarization, removal of curarine and addition of prostigmine). The resting 
potential was determined at the end-plate before and after application of 
a fixed dose of ACh (5 x 10-’, all values referring to concentrations of acetyl- 
choline chloride), and again after removing ACh from the bath solution, the 
depolarization being the difference (AZ) of the resting potentials. In twenty- 
three experiments complete measurements could be made on one end-plate, 
using two different sodium concentrations (100 and 25%, the sequence being 
varied in individual experiments). In these ‘paired’ experiments the depolari- 
zation of the end-plate was diminished, at the low sodium level, to 0-68 
(s.z. of mean + 0-092). 

In several other experiments the end-plates did not survive all these 
manipulations, but measurements at any one sodium level (100 or 25%) were 
completed. Taking the average depolarization in all experiments at a fixed 
sodium concentration, we found the following values: with ‘100% Na’, the 
mean resting potential H was 89 mV, and the mean depolarization AE, 


TaBie 1. Effect of sodium concentration on depolarizing effect of acetylcholine 
External measurement on m. ext. long. dig. IV (5 expts.) and m. sartorius (1 expt.). The Na 
concentration in Ringer, and the depolarization observed with this concentration, have been 
taken as 100. ACh was applied in concentrations varying between 1 and 5 x 10-’. Prostigmine 


bromide 10~*, 
Estima uction, depolarization, 
Rel. Na due to corrected for 
concentration Rel. depolarization shunt shunting 

100 100 0-5 100 
50 111 0-65 86 
25 107 0-77 69 
90 0-85 53 


produced by 5x 10-7 ACh was 23 mV (forty-one experiments, s.z. of mean 
+1-1mV); with ‘25% Na’, the resting potential was 91 mV, and the depolariza- 
tion, uncorrected for external p.d., 16-1 mV (thirty-one experiments, s.z. 
+1-8 mV). The reduction of AF in ‘25% sodium’ was to 0-7 (+0-08), or to 
0-69 + 0-08 if we consider the fractional depolarization AZ/E. If we use a 
correction for the external potential drop around the depolarized end-plates, 
we obtain, for AH/E, 0-72 instead of 0-69. 

Thus, while a lowering of the sodium level to one-quarter has some effect on 
the end-plate reaction to applied ACh, the observed depression—to about 
0-7—is considerably less than that of the e.p.p., which was to 0-3 + 0-025. 
It would appear, therefore, that the main action of sodium lack is one on th 
ACh-release mechanism, rather than on the end-plate receptors. | 


_ Certain reservations must be made when comparing the two sets of experiments, for the condi- 
tions during the application of ACh are not the same as those during the release from the nerve 
terminals (cf. Methods). One of the points which arise in this connexion may be discussed in more 
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detail: in previous paper (Fatt & Katz, 1951) it was suggested that the depolarization 
end-plate is due to a short-circuiting of the muscle membrane by ACh. It can be shown _ 
a consequence, @ large depolarization (arising from a very low resistance at the end-plate) is 
established more quickly than a small depolarization (which is not associated with such a low 
leakage resistance at the end-plate). The theoretical effect can be seen in fig. 32 of the previous 
paper, a part of which is reproduced in Fig. 7. If a reduction of the sodium level were to change 
the end-plate response, to a given dose of ACh, from curve A to B, then the observed effect would 
depend upon the moment at which it is measured: it would, for instance, be considerably greater 
during the initial half-milliseoond (which would correspond to measurements of the e.p.p.) than 
during the final steady state (corresponding to the observations with applied ACh). 
Fortunately, this objection loses its force when we are dealing with relatively small depolariza- 

tions such as those described above (AZ =23 and 16 mV, or 26 and 18% respectively of the resting 
potential). If we calculate the initial time course of the depolarization (from eqn. 6, Fatt & Katz, 
1951), we find that at #=0-5 msec the depolarization would be 4-35 mV (100% Na) and 2-74 mV - 

90 | 


msec | 
Fig. 7. Theoretical effect on membrane potential of suddenly applying a shunt of 10,000 or 
100,000 Q across end-plate membrane (cf. Fatt & Katz, 1951, fig. 32). Ordinates: depolariza- 
tion, mV, Abscissae: time, msec. 


TaBizE 2. Calculated short-circuit resistance at the end-plate 
Resistance, in ohms Reduction factor of 


end-plate cond 
‘100 Na’ ‘25Na’ (‘26 Na’/‘100 Na’) 
e.p.p. 35,000 200,000 0-175 
ACh a 574,000 930,000 0-62 
(5 x 10-1) 
(25% Na), showing a reduction factor of 0-63 compared with the observed final value of 0-69. 
Hence, the present argument is not seriously affected by these considerations. 
One might argue that the calculated ‘leakage resistances’ give a better quantitative indication 
of the intensity of ACh action than the observed potential changes. An approximate calculation 
was made for both types of experiments and the results are listed in Table 2. 


Decurarizing action of sodium tons 

It is clear from the preceding experiments that the effect of sodium ions is 
not restricted to one specific stage of neuromuscular transmission. The main 
action appears to be concerned with the output of ACh from the nerve endings, 
but there is also an effect on the sensitivity of the end-plate to ACh. Another 
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‘unexpected action of sodium ions was found when its effect on curarized end- 
plates was studied. 

When testing the local electric response of a normal frog muscle (m. ext. long. 
dig. IV) to applied ACh, it is found that the end-plate depolarization is but little 
affected by moderate reductions of sodium concentration. In Table 3, for 
instance, two experiments are summarized, in which a lowering of sodium to 
one-third actually increased the observed depolarization by a factor of 1-03 
and 1-13 respectively (diminished shunting). When the experiment was made 
after curarization, a very different result was obtained, there being a marked 
depression of the end-plate response (to 0-52 and 0-74 respectively). 3 

This result shows that the action of curarine is augmented by sodium-lack 
and, conversely, that there is an antagonism between sodium ions and 
curarine. It is of interest that no such interaction has been observed between 
calcium ions and curarine (Castillo & Stark, 1952). Whatever the theoretical 
significance of this observation, it helps to explain why a change of sodium 
concentration has a more drastic effect on the size of the e.p.p. in curarized 
muscle (Fig. 6) than in normal muscle (Fig. 3). ee 

3, Interaction between sodium and curare 
External measurements of end-plate depolarization on m. ext. long. dig. IV. Drugs used: 
prostigmine bromide 10-*; p-tubocurarine chloride and acetylcholine chloride in concentrations 
shown below. Temp. 20°C. Na concentration in Ringer = 100. 


External depolarization (mV) Ratio of 


ACh 
concn. ‘100Na’ ‘33Na’ ‘100Na’ (‘33 100 Na’) 
A. Curarine 6 x 10-* 10-* 2-1 0-9 1-9 
2x10-* 46 2-5 3-9 
B. Curarine removed 10-’ 2-1 2-4 2-5 
2x10? 48 5-2 1-08 
Expt. 2: 
A. Without curarine 10-7 4-1 4-4 3-6 
2x10" 8-9 1-18 
B. Curarine 6 x 10-* 10-* 16. — ~e 
2x10-* 40 2-8 3-6 0-74 
4x10-* 8-0 5-4 6-6 


F. Effect of calcium and potassium ions on end-plate potential size 
The effect of calcium on nerve-muscle transmission has been studied by 
several workers (see Castillo & Stark, 1952), and it appears that its action on 
the e.p.p. is very similar to that of sodium. In a series of experiments, the 
same procedure was employed as in § B, varying the calcium concentration 
(the usual concentration in frog’s Ringer is 1-8 mx, 
e concentration in most of the previous experim 

p ents was 3-6 mu; cf. 
Changes in calcium concentration had two distinct effects: 

(i) The ‘threshold point’ at which the e.p.p. gives rise to a muscle spike 
increases with the calcium level. Thus it is shown in Table 4 that with 3-6 mm-Ca 


<a 
a 
st 
Az 
LS 
= 
ay 
mt 
a 
ta 
¢ 
4 
oN 
a 


SODIUM AND NERVE-MUSCLE TRANSMISSION 83 
the ‘e.p.p. threshold’ (cf. Fatt & Katz, 1951, fig. 20) was 25% higher, and with 
0-9 mm-Ca 12% lower, than in normal Ringer’s solution. 

(ii) The size of the e.p.p. varies with the calcium concentration, the results 
of thirty-one experiments being summarized in Fig. 8. The general form of 
this relation is similar to that obtained for sodium (Fig. 3), if we compare the 
effects of equal percentage changes of ion concentrations. (In terms of equal 


molar concentration changes calcium ions are, of course, about 50 times more 
effective than sodium.) | 


150 


End-plate potential (%) 


l L 
$0 100 150 200 
Relative calcium concentration (%) 
Fig. 8. Effect of Ca concentration on e.p.p. (non-curarized muscle). Co-ordinates, etc., as in 
Fig. 3, except that abscissae show relative calcium concentrations (normal = 1-8 mm = 100). 


TaBz 4, Effect of calcium concentration on height of end-plate ‘step’ 
Summary of series of paired measurements, made on same end-plates. 


Ratio of end-plate step 
Resting | (‘altered Ca’/‘normal Ca’) 
1-8 mm) (mV) (mV) ratio mean expts. 
1:25 + 0-046 9 
0-88 + 0-082 6 


At low calcium levels (0-45 mm) the relation between e.p.p. size and calcium 
concentration becomes steep, and in this region an interesting seasonal 
variation was observed. The results shown in Fig. 8 were obtained in well-fed 
‘winter frogs’. In another series of experiments, made during the summer 
months on emaciated animals, a lowering of calcium concentration to 0-45 mm 


was found to reduce the e.p.p. well below threshold, to an amplitude e only 
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a few millivolts. Under these conditions successive e.p.p. responses varied in 
a striking ‘quantal’ fashion, illustrated previously (Fatt & Katz, 1952, fig. 9). 
This observation is of interest because it indicates that, at reduced calcium 
levels, intermittent block occurs at individual nerve endings, or at even smaller 
membrane patches which are concerned with the release of ACh. Such a 
‘quantal’ blocking effect was never observed with low sodium levels: there 
was sometimes intermittent total failure of the e.p.p. response (p. 76), but 
this was an all-or-none effect indicating a conduction block in the motor axon. 
Perhaps the most significant difference between sodium and calcium actions 
is that observed during a study of the spontaneous activity at the nerve- 
muscle junction (Fatt & Katz, 1952). It was shown that in the resting fibre 
a spontaneous discharge of minute e.p.p.’s occurs arising from activity at 
individual nerve terminals. The amplitude of these miniature e.p.p.’s diminished 
when the sodium concentration was lowered, but remained constant when the 
calcium.concentration was reduced. It seems probable that the effect of 
calcium on the size of the e.p.p. is of a ‘quantal’ nature, involving a variation 
in the number of responding terminal units (rather than a variation in the 
number of ACh molecules released by each of them). 

In nine experiments the effect on the size of the e.p.p. of doubling the 
potassium concentration (from 2 to 4 mm) was studied. There was only a small 
and statistically insignificant change in the mean value of the e.p.p. which was 
altered by a factor of 1-03 (s.z. +0-05). Higher concentrations of potassium 
are known to reduce resting and end-plate potentials and to lead to nerve- 
muscle block (cf. Coppée, 1943). A transient large increase of the e.p.p., as 
a result of a raised potassium level, has been described in curarized frog muscle 
by Walker & Laporte (1947), but with the present technique such a transient 
change could not have been detected. | : | 


DISCUSSION 

The results indicate that the output of ACh from active motor nerve endings 
depends upon the concentration of sodium ions in the extracellular fluid. The 
same conclusion, however, applies to calcium ions, and the question arises 
what the exact role of these ions may be in the normal process of nerve-muscle 
transmission. The hypothesis was put forward that ACh may be released in 
exchange for sodium which enters the nerve terminal during its electric activity. 
This idea is certainly compatible with all existing evidence. But the present 
experiments do not provide unequivocal evidence forit, for the relation between 
the amount of sodium which enters and the amount of ACh which leaves the 
nerve ending may be of a more indirect kind. For example, the change of the 
membrane potential brought about by the entry of sodium ions may lead to 
a chemical reaction in the course of which ACh is liberated, while the membrane 
_ potential itself may be restored, quite independently, by the release of 
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potassium ions from the nerve terminal. It is impossible to decide this question 
without accurate information on the size and surface area of the active terminals 
and the quantity of the ions exchanging across them. 

If the active surface area is somewhere between 10 and 10,000 2, and the 
transfer of sodium during one impulse amounts to about 3 x 10-12 mole/cm?* 
(cf. Keynes & Lewis, 1950), then an equivalent release of ACh would provide 
a quantity of between 3 x 10-" and 3 x 10-1 mole per end-plate per impulse. 
According to Acheson’s (1948) estimate, about 10-1* mole of ACh per end-plate 
per impulse has been recovered in perfusion experiments, but this figure would 
give an underestimate of the amount released, because of various losses 
inherent in the method. 

A comparison of the effects of sodium and calcium ions has revealed a 
general similarity, but there remains an important difference in detail, 
namely that calcium affects the e.p.p., and presumably the output of ACh 
from nerve endings, in discrete steps, while the effect of sodium appears to be 
continuously graded. Even with sodium there must, of course, be discon- 
tinuities at the molecular level; calcium, however, changes the ACh output in 
quanta containing large numbers of molecules (cf. Fatt & Katz, 1952). It is of 
special interest that in a model of nerve activity suggested by Hodgkin and 
Huxley (see Hodgkin, Huxley & Katz, 1949) an important and ‘synergic’ 
role was assigned to calcium and sodium ions. In this model the membrane 
contains a calcium compound which dissociates during excitation and liberates 
‘carrier’ molecules each capable of transporting a large number of sodium 
ions into the axon. This provides, therefore, a system in which one calcium 
ion is responsible for the transfer of a large aggregate of sodium ions. If 
ACh* ions are released in exchange for sodium ions, then a system like that 
proposed by Hodgkin and Huxley would provide a basis for the fact that 
a change of calcium concentration affects ACh release in an aggregate manner, 
while a change of sodium concentration does so only in a continuous, molecular, 
gradation. 

There is, at present, one principal difficulty in accepting this kind of 
explanation: if calcium ions are responsible individually for a quantal release 
of ACh which produces a miniature e.p.p. (Fatt & Katz, 1952), then a lowering» 
of calcium concentration would be expected to lead not only to a reduced size 
of the e.p.p., but also to a reduced rate of the spontaneous miniature discharge ; 
this, however, was not always observed (Fatt & Katz, 1952). It is difficult, 
therefore, to dismiss the view that calcium-lack may act simply by blocking 
nerve impulses at pre-terminal points (e.g. at bifurcations of the axon) 
without affecting spontaneous activity at the terminals themselves. It is 
impossible to decide between this and other interpretations until direct 
evidence can be obtained concerning the properties of motor nerve endings. 
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SUMMARY 

1. The effect of sodium ions on neuromuscular transmission has been 
studied using the intracellular recording technique. Special attention was 
paid to the effects of sodium on the electric responses of single end-plates (i) to 
@ motor nerve impulse, and (ii) to an applied dose of acetylcholine. 

2. When the external sodium concentration is reduced to one-fifth of that 
in normal Ringer the end-plate potential falls to subthreshold magnitude and 
neuromuscular block ensues. 

3. The relation between e.p.p. and sodium concentration was studied in 
normal and curarized muscle. In non-curarized muscle, lowering of sodium 
concentration to one-half diminishes the e.p.p. to about two-thirds; lowering 
of sodium to one-quarter diminishes the e.p.p. to less than one-third. 

4. The electric reaction of the end-plate to applied acetylcholine (ACh) 
is also affected by changes in sodium concentration but to a lesser extent, 
e.g. lowering of sodium concentration to one-quarter reduces the end-plate 
depolarization, caused by a given dose of ACh, to about 0-7. 

5. The neuromuscular block during sodium deficiency appears to be due 
mainly to a reduction in the ACh output from active motor nerve endings, 
similar to the block produced by lack of calcium, but in contrast to the 
effect of curarine. 

6. A hypothesis is discussed according to which the release of ACh from 
the nerve endings occurs as a consequence of the entry of sodium ions into the 
terminal, and is to be regarded as a cation exchange process, _—— to the 
release of potassium ions from active nerve or muscle fibres. 


We are indebted to Prof. A. V. Hill for the facilities provided in his laboratory and to Mr J. L. 
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Amine oxidase occurs in all species of vertebrates which have been examined, 
but the enzyme has also been found in some echinoderms and molluscs 
(Blaschko, Richter & Schlossmann, 1937). The distribution of the enzyme in 
the tissues of Sepia officinalis has been studied in greater detail, and it was 
found that amine oxidase occurred in many organs; in Sepia liver the enzymic 
activity was higher than in any animal tissue previously examined (Blaschko, 
1941). 

The function of amine oxidase in the metabolism of mammals is not yet 
fully understood. The enzyme acts upon many sympathicomimetic amines, 
and from what is known about the substrate specificity of the enzyme, there 
can be little doubt that in the living organism it is the catalyst responsible 
for the inactivation of many amines of pharmacological interest which belong 
to this group. What is still under discussion is the part which the enzyme takes 
in the ¢n vivo inactivation of adrenaline and noradrenaline, the two substances 
of this group which are most active in vertebrates, and which are known to 
be substrates of the enzyme in vitro (Blaschko et al. 1937). 

In 1913, Henze reported the occurrence of tyramine in the posterior salivary 
glands of Octopus macropus. Tyramine is one of the amines most rapidly 
oxidized by amine oxidase. The amine has since been found in the posterior 
salivary glands of O. vulgaris (Erspamer & Boretti, 1951) where, in addition 
to tyramine, another monophenolic sympathicomimetic amine has been 
described; this compound is called octopamine (Erspamer, 1948); it has been 
identified with p-hydroxyphenylethanolamine by Erspamer & Boretti (1951). 

In the autumns of 1950 and 1951, specimens of 0. vulgaris became readily 
available in Plymouth, and we were interested to find out if amine oxidase 
occurred in this species which is known to contain tyramine. The present 


paper contains a study of the distribution of the enzyme in some of the organs — 
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of O. vulgaris and of some of its properties; a few observations on the Sepia 


enzyme are also reported, as well as observations on some other species of 
molluscs. 


METHODS 


The specimens of Octopus vulgaris and Sepia officinalis were dissected in Plymouth. The organs 


were immediately frozen in solid CO, and taken to Oxford in a thermos flask; there they were 
stored in the refrigerator at - 10° C. Under these conditions the amine oxidase from cephalopods, 
like the mammalian enzyme, retains its activity for many months. With the exception of one 
experiment on the ink sac of Sepia, however, the experiments here described were carried out 
soon after the organs had been collected. . 

Enzymic activity was usually studied in freshly prepared homogenates in 0-067m-sodium 
phosphate buffer of pH 7-4. In addition to the homogenates, each manometer flask contained 
0-2 ml. of 0-1 m-semicarbazide, 0-4 ml. of either water or of 0-05m-amine hydrochloride (either 
tyramine or tsoamylamine), and enough of the phosphate buffer to bring the total volume to 
2-0 ml. The equivalent of fresh weight of tissue per flask varied from 100 mg for liver to 466 mg 


. for brain, The gas phase was 0,. The experiments were carried out at a temperature of either 


25 or of 37° C, The enzymic activities were expressed in terms of qo,, i.e. the ul. 0, consumed by 
100 mg of wet tissue in 1 hr. | 


RESULTS 
Amine oxidase in tissues of Octopus vulgaris 
In most experiments the enzymic activity was tested at 25° as well as at 
37° C, as it was thought that the preparations from invertebrate tissues might 
be impaired at the higher temperature; the results of our experiments make it 
unlikely that this precaution was necessary. 

Amine oxidase activity was found to be widely distributed in the organs of 
O. vulgaris. A summary of our results with different tissues of O. vulgaris, 
compared with Sepia and guinea-pig liver, is given in Fig. 1. It gives, in terms 
of go,, the enzymic activities with both tyramine and isoamylamine as 
substrates. 

In the liver the activity was as high as in the Sepia liver and about twice 
that of the guinea-pig liver. Of the other organs examined, the posterior 
salivary glands come next, in order of decreasing activity, then the anterior 


salivary glands, and in brain the activity was low. This is the same sequence 


as that found previously in Sepia; in Sepia the enzymic activity of the brain 
was not tested, and in Octopus we did not include the ‘kidneys’ which were 
highly active in Sepia (Blaschko, 1941). | 

In the earlier work on Sepia liver it was found that the relative rate of 
oxidation of tyramine was high compared with that of other amines. This was 
considered to be a characteristic difference between the mammalian and the 
molluscan enzymes, but our present experiments show that this generalization 
is not valid. The relatively high rate of oxidation of tyramine by the enzyme 
from Sepia liver has been confirmed, but it is also evident that the Octopus 
enzyme shows a much less marked preference for tyramine. 
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Fig. 1 shows that the experimental temperature affects the ratio: 


oxidation rate of tyramine 
oxidation rate of tsoamylamine 


in ihite' and Octopus liver but not in guinea-pig liver. 


Temp. =25° 


100 


100 


Fig. 1. Amine oxidase activity in tissue homogenates. The enzymi s are expressed 
In Sepia and Octopus liver the ratio is higher at 37° than at 25° C. This is 
7 explained by the relatively small increase in the rate of oxidation of 1so- 
amylamine with increasing temperature. In the guinea-pig’s liver the increase 
in the oxidation rates of both amines is similar and the ratio remains approxi- 
mately the same. 


Guinea-pig liver 


: Properties of the Octopus liver enzyme 
Like the mammalian enzyme the amine oxidase of Octopus liver is fully 


active after prolonged dialysis against distilled water. 
the insolability’ of this nays water. This is probably due to 
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In mammals amine oxidase activity is known to be associated with the 
particulate constituents of the liver cells; a recent study of the distribution of _ 
amine oxidase in the rat liver cell (Hawkins, 1952) makes it likely that about — 
two-thirds of the total enzymic activity is localized in the mitochondria and 
one-third in the smaller particles of the microsome fraction. It appears that 
in the Octopus liver the enzyme is also present in the particles. A homogenate 
of Octopus liver was centrifuged until a clear supernatant fluid was obtained. 
The supernatant was without amine oxidase activity; all the activity of the 
homogenate was present in the sediment. 

It has been shown that acetone-dried powders of mammalian liver can be 
obtained which have amine oxidase activity (Blaschko & Hawkins, 1950). 
We have tried to prepare similar powders from Octopus liver, but without 
success. The powders were without amine oxidase activity. It was thought 
possible that in Octopus the acetone treatment might split off a prosthetic 
group, and in order to test this possibility we collected the acetone filtrates 
during the preparation of the powders; the filtrates were then evaporated 


_ under reduced pressure and the dried residues taken up in a few ml. of water. 


The addition of this fluid to a suspension of the powders did not restore 
enzymic activity. The instability of the cephalopod enzyme under acetone 
treatment thus remains unexplained. In contrast to amine oxidase the 
D-amino-acid oxidase of Octopus liver is retained in acetone-dried powders 
(Blaschko & Hawkins, 1952). 
Amine oxidase in the ink sac of Sepia | 

_ In 1941, it was found that tyramine was oxidized by a preparation of the 
wall of the ink sac, and this oxidation was attributed to amine oxidase, as no 
evidence for the oxidation of tyramine by the powerful phenol oxidase of the 
ink sac was obtained. Recently, however, Dr F. Ghiretti of Naples has told 
us that according to his experiments tyramine is a substrate of the phenol 
oxidase present in the organ. It was therefore thought desirable to repeat the 
earlier experiments under more stringent conditions. In these experiments, 
therefore, potassium cyanide was added. Phenol oxidase is sensitive to 
cyanide but amine oxidase is cyanide-insensitive. In addition both tyramine 
and isoamylamine were used as substrate, because the latter is not attacked 
by phenolases. Two experiments under slightly differing conditions were 
carried out; in both there was an immediate oxygen consumption in excess 
of the blank with both amines, more with tyramine, less with isoamylamine. 
One of these experiments is described in detail. | 


Ink sac tissue of a weight of 2-2 g was cut finely with scissors and ground in a cooled mortar; 
4-4 ml. of 0-067m-sodium phosphate buffer were added. Further grinding resulted in a fine 
suspension which was used in the manometric experiments. In the experiment described, the 
main compartment of each flask contained 0-8 ml. of this suspension, 0-4 ml. of the phosphate 
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buffer, 0-2 ml. of 0-1m-semicarbazide and 0-2 ml. of 0-lm-KCN (neutralized); the side bulb 


we in flask 1 0-4 ml. water; 


in flask 2 0-4 ml. 0-05m-tyramine hydrochloride; 
| in flask 3 0-4 ml. 0-05m-ieoamylamine hydrochloride. 
The potash tube contained 0-3 ml. of the cyanide-potash mixture recommended by Umbreit 
(1945). Oxygen consumption in pl. in the three flasks was: | 


Flask 1 Flask 2 Flask 3 
(pl.) (ul) (ul.) 

After 10 min -7 - 17:5 ~105 
After 20 min - 105 — 33:5 ~18 


This shows that with both amines the oxygen consumption was greater than 
in the enzyme blank (flask 1). With tyramine the oxygen consumption began 
at once and showed no marked increase with time; with isoamylamine the 
oxygen consumption was less. These observations, together with the fact that 
the reaction occurred in 10-* m-HCN, make it likely that the oxygen uptake 
was due to amine oxidase. This experiment was carried out on tissue which 
had been stored in the refrigerator for 9 months after the dissection of the 
animals, so it is possible that the enzymic activity was impaired and does not 
represent the activity of fresh tissue. 


Observations on Mytilus and Helix 
In a few experiments on Mytilus edulis and a species of Helix collected in 
Oxford no evidence for the presence of amine oxidase was obtained. In some 
of the experiments with Heliz, oxygen began to be taken up slowly after 
a delay of about half an hour when the homogenates were incubated with 
tyramine. The slow onset of oxygen uptake, combined with the fact that no 
oxygen was consumed in the presence of isoamylamine, suggests that this 
oxidation was due to a phenolase type of enzyme; this is supported by the 
observation that the contents of the flasks incubated with tyramine showed 
a slight darkening when compared with the enzyme blank. 
The results with Helix are in agreement with earlier observations of Blaschko 
et al. (1937). | 
DISCUSSION | 
The observations reported show that the tissues of Octopus, like those of Sepia, 
contain a very active enzyme of the amine oxidase type. Not only tyramine, 
but also isoamylamine were oxidized. That the oxidation of tyramine was 
brought about mainly by amine oxidase and not by a phenolase is supported 
by the observation that the onset of oxygen consumption was immediate and 
that no increase in the rate of oxidation was observed in the short periods of 
incubation used. The enzymic activities found in Sepia liver and guinea-pig’s 
liver are much higher than those previously described (Blaschko, 1941); this 
is explained by the use of homogenates in the present work; formerly, the 
organs were ground in a mortar with sand and then centrifuged. We now know 
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that a considerable amount of active material is lost on the centrifuge when 
intact cells and large cell fragments are spun down (Hawkins, 1952). 

Octopus vulgaris contains tyramine, and we have now shown that this 
species is very rich in amine oxidase. Not only tyramine, but also octopamine 
(Erspamer, 1948) are substrates of the enzyme. It is not known if these amines 
occur in the liver which is so rich in amine oxidase, but they occur in the — 
posterior salivary glands and these also give enzymically highly active 
homogenates. 

Our findings raise again the question as to the biological significance of 
amine oxidase. If it is true, as Sereni (1930) believed, that the amines found 
in the salivary gland function as hormones in the animal, it seems very possible 
that the oxidase is present in the different tissues of O. vulgaris as the mechanism, 
or one of the mechanisms, by which the amines are destroyed. Another 
possibility is that the enzyme in the living animal works in the reverse, i.e. that 
it is active in the biosynthesis of these amines. Of these two alternatives the 
first seems the more likely one, as from the observations on amine metabolism 
in mammals it seems very likely that also in the living animal the enzyme 
works in the direction of deamination. 


SUMMARY 

1, Amine oxidase has been found in tissue homogenates of Octopus vulgaris. 
Very high enzymic activity is present in the liver. Enzymic activity of the 
posterior salivary gland is just under one-half of that of the liver; there is less 
activity in the anterior salivary glands and much less in the brain. 

2. Isoamylamine is more actively oxidized by the Octopus enzyme than by 
the Sepia enzyme. : 

3. No amine oxidase was found in Helix and Mytilus. 
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MECHANISMS OF ACETYLCHOLINE SYNTHESIS 


By W. E. BALFOUR* anp CATHERINE HEBB 
From the Department of Physiology, Edinburgh University 
(Received 12 February 1952) 


The demonstration by Feldberg & Mann (1944) that the enzyme system 
which acetylates choline is present in aqueous extracts of acetone-dried 
mammalian brain tissue has been the basis of several important discoveries 
about the properties of the system. The dependence of the enzyme concerned 
on a co-factor was first clearly demonstrated by the same authors (Feldberg & 
Mann, 1945, 1946), who showed that the loss of activity which occurs when 
extracts are dialysed is associated with the disappearance of a heat-stable, 
dialysable substance which they called the activator but which, following 
Lipmann & Kaplan’s (1946) experiments, can now be identified as sear A. 
(For discussion of evidence see Feldberg, 1950.) 

Investigations of the effects of organic acids which might act as acetyl- 
donors for the system led to the discovery that citrate accelerates synthesis 
very strongly, while acetate itself has little or no effect (Feldberg & Mann, 
1945, 1946; Nachmansohn & John, 1945; Lipton & Barron, 1946). It is the 
more remarkable that acetate should be ineffective when incubated with 
extracts of brain powder since, when the enzyme is purified by fractional 
precipitation of the extracts, it can synthesize large amounts of acetylcholine 
in the presence of acetate (Nachmansohn, Hestrin & Voripaieff, 1949). It 
should be noted, however, that even in this system the substrate role of 
acetate has not been clearly shown. The mode of action of citrate with the 
cruder extracts is even less certain, since the rate of synthesis without addition 
of citrate or other organic acid indicates that the extracts themselves are the 
source of acetyl groups. 

In the experiments now to be described we have found conditions under 
which the utilization of acetate by simple extracts of acetone-dried mammalian 
brain tissue occurs, and we have been able to demonstrate that both citrate 
and acetate act as acetyl-donors. Analysis of the conditions necessary to 
bring these substances into reaction has led to the conclusion that the enzymes 
concerned with each are not identical with one another. Further, it has 
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enabled us to define more precisely than was possible earlier the part played 
by coenzyme A in the acetylation of choline. The success of these experiments, 
some of which have already been published in two preliminary reports 
(Balfour & Hebb, 1950a, 6), has depended largely on the use of a preparation 
of coenzyme A which has a high standard of purity. It has been prepared 
according to a method originally devised by Comline (1948). 


METHODS. 
Preparation of enzymes 
Acetone powders, prepared as described by Feldberg & Mann (1945) from the brains of rabbits or, 
less frequently, guinea-pigs, and stored at low temperature (0-5° C) in a desiccator under vacuum, 
were extracted and tested under three different conditions of experiment. 

Dialysed extratts of acetone powders. The powders were extracted with ice-cold 0-9 % (w/v) 
NaCl which in some tests contained neutralized cysteine, 0-05-0-2 mm/ml. The weight of powder 
per ml. of saline was usually 50 mg; but in some experiments it was 125 or 200 mg. The supernatant 
fluid obtained by centrifuging was dialysed at 0-2° C against 50 to 300 times its volume of saline 
to which was added in the case of cysteine-containing extracts 1 mm neutralized cysteine per 
100 ml. The dialysing chamber was twice recharged with fresh solution as dialysis proceeded. For 
some tests dialygis was continued for 12-18 hr, but a shorter period of 34-4 hr gave similar results. 
The extracts were usually incubated immediately after preparation, but by freezing they could 
be stored (temperature = - 25° C) without significant loss of activity for several weeks. 

Resin-treated extracts. A saline or cysteine-saline extract (50 mg powder/ml. saline) was 
prepared and mixed with approximately half its volume of an anion-exchange resin. If necessary, 
a few mg of NaHCO, were added to the mixture to maintain a neutral reaction. After 30 min 
at 0° C the mixture was filtered through glass wool. It was then ready for testing. 

The anion-exchange resin used in these experiments was De Acidite E (Permutit Water Co.). 
Before use, it was washed, charged with n-HCl, then re-washed with glass-distilled water until 
free from acid. 

Dialysed fractionated enzyme extracts. Fractionated extracts were prepared by the method 
described by Nachmansohn et al. (1949). The method was modified slightly in that to the extraction 
fluid containing KCl, MgCl,, NaCl and Na,HPO, we added 4mm cysteine/100 ml. The precipitates 
formed at 16, 25, 30 or 36% (NH,),SO, were recovered either by centrifuging or by filtering 
through no. 15 Whatman paper. 

Each precipitate was taken up in fluid of the same composition as that used for extraction, 
with the addition of 2 mm of neutralized cysteine, and dialysed as described by Nachmansohn ¢t al. 
(1949) for 3 hr. It was then ready to be tested. 


Method of incubation 

The enzyme preparations were incubated in the presence of ATP, eserine sulphate, K 
cysteine, choline and phosphate (pH 7) for-1 or 3 hr at 37°C. Other additions (coenzyme A, 
brain activator, citrate, acetate, MgCl, and CaCl,) are indicated in the text. 

As a control, choline was occasionally omitted in order to determine whether the biologically 
active product of synthesis estimated as acetylcholine by assay on the frog rectus abdominis was 
dependent upon the presence of choline. This precaution was taken in view of the earlier report by 
Nachmansohn ef al. (1949) that in the absence of choline, fractionated extracts could synthesize 
large quantities of a substance biologically but not chemically similar to acetylcholine. As stated 
earlier we were not able to confirm this (Balfour & Hebb, 19510), although it is true that if 
choline is not added crude extracts of acetone powder can synthesize between 2 and 10% of the 
amount of acetylcholine (or similar substance) normally formed in the presence of added choline. 
Such extracts, however, may themselves be a source of choline. 
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Eeimation of acetylcholi 
The amount of acetylcholine produced during incubation was estimated by bio-assay on the 
frog rectus abdominis following the precautions described by Feldberg & Hebb (1947) to control 
the sensitizing actions of other substances which may be present in the extracts. The results were 
expressed in relation to the amount of acetone powder from which the extracts were originally 
made as pg acetylcholine/g brain powder. 

Preparation of special reagents | 
Coenzyme A was extracted from yeast according to a method devised by Balfour & Comline 
(to be published) and its activity in units/mg determined by the method of Kaplan & Lipmann 
(1948). Boiled brain extract (brain activator) was prepared as described by Feldberg & Mann 
(1945, 1946). 
ATP was prepared from fresh rabbit muscle as described by LePage (1949). Barium nitrate 
was substituted for barium acetate in order to avoid contamination of the barium ATP with 
acetate. 


RESULTS 
Experiments on dialysed extracts of acetone-dried brain 
Acceleration of synthesis by acetate. The action of acetate on acetylcholine 
synthesis was compared with that of citrate first under conditions of experi- 
ment similar to those described by Feldberg & Mann (1945, 1946) and then 
after modifying the conditions in two different ways. In the unmodified 
system the usual saline extract provided the enzyme (12-5 mg acetone 
powder/ml. incubate), reactivation was effected by addition of brain activator, 


TaBLx 1. Formation of acetylcholine by extracts of rabbit brain 


ACh, brain powder/hr 
Contro + Acetate + Citrate 
enzyme extract Source of coenzyme +CaandMg +Caand Mg +Mg 
Saline Brain activator 104 168 600 
Cysteine Brain activator 120 288 560 
Saline Yeast coenzyme A 120 352 704 
Cysteine Yeast coenzyme A 80 640 560 


Saline extracts, 12 mg/ml. incubate. Cysteine-saline extracts, 6 mg/ml. incubate. Boiled 
brain activator, 20 mg/ml. incubate. Purified yeast coenzyme A, 10 units/ml. incubate. 


and the ingredients of the incubation mixture included MgCl, (0-004 m) in 
addition to those already listed. The two modifications were (1) extraction of 
enzyme with cysteine-saline solution, and (2) replacement of activator with 
purified extract of yeast coenzyme A. 

The effect of these substituted procedures is illustrated by the experiment 
shown in Table 1. Without them, as shown by the top row of values, acetate 
had little, possibly no, significant effect; while citrate exerted the relatively 
strong accelerating action usually observed. Acetate, too, was able to accelerate 
acetylcholine production either when the enzyme was cysteine-extracted 
(2nd row of Table 1) or when purified coenzyme A was the reactivating agent 
(3rd row); and when both conditions were fulfilled (4th row) its effect was 
nearly equal to the largest effect of citrate. 
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In this experiment the yield of acetylcholine per g acetone powder was not 
so large as in most others in which values of the order of 1000 yg/g/hr were 
obtained. Differences were due partly to differences in the activity of the 
extracts and partly to the amount of coenzyme A added. As shown in Fig. 1, 
increasing the concentration of coenzyme increased the output of acetyl- 
choline. In this as in a later experiment (Fig. 2), the output might have 
reached still higher values than those shown if higher concentrations of 
coenzyme had been tested; but the amount available for all purposes was 
limited and more extensive tests of this kind were impracticable. 


1000, 


ACh, acetone powder/hr 


200 
0 5 10 18 20 


Coenzyme A, units/ml. incubate 


Fig. 1. Cysteine-saline extract of acetone-dried rabbit brain dialysed for 18 hr. 
Curve to show reactivation by yeast coenzyme A in presence of acetate. 


Inorganic requirements of the system. In further experiments it was found 
that the production of acetylcholine, in the presence of acetate with the 
modifications of method described, was only slightly affected by Ca or Mg 
salts (chlorides). Added separately or together, both increased synthesis to 
a slight extent. The inorganic requirements of the system therefore differed 
from those necessary for citrate utilization. With both substances, K ions — 
(here added as KCl) were essential; but with citrate, as shown earlier by 
Feldberg & Hebb (1945, 1947), the acceleration of acetylcholine production 
was dependent upon Mg ions (for which Mn could be substituted) while Ca 
ions had a depressant action. | 
) PH. CXVIII. 7 
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Synthesis of acetylcholine with higher concentrations of enzyme. In a limited 
number of experiments concentrated dialysed extracts of enzyme (125 mg 
acetone powder/ml. saline or cysteine-saline solution) were incubated for 
3 hr with additions of either citrate with MgCl,, or acetate with MgCl, and 
CaCl,. The amount of extract added was equivalent to 37-5 mg acetone 
powder/ml. incubate. The results are shown in Table 2. From this it 
will be seen that citrate no longer accelerated synthesis but inhibited it 
significantly. With acetate, the hourly output of acetylcholine per g acetone 


powder was of the same order as was found in the experiments with more | 


dilute extracts. Cysteine-extraction again was of importance in this result. 
It will be noted, however, that the control values (without addition of acetate 
_ or citrate) were considerably higher than earlier even when the longer period 
of incubation was taken into consideration. This result could be explained on 
the assumption that the extracts themselves contained a source of acetyl 
groups, and that with higher concentrations of enzyme more of these became 
available. 
TaBLE 2. Formation of acetylcholine using high concentrations 
of dialysed enzyme extracts - 
ACh, pg/g brain powder/3 hr 


Cysteine 850 1600 530 
940 1180 420 


* Concentration equivalent to 37-5 mg acetone powder of rabbit brain/ml. incubate. Yeast 
coenzyme A (12 units/ml.) used in all tests. 


Rate of synthesis with different concentrations of acetate. On incubating 
dialysed extracts made from acetone powder which had been washed with 
ether it was found that the control rate of synthesis was considerably lower 
than in other experiments in which an equivalent concentration of enzyme 
(12-5 mg original acetone powder/ml. incubate) had been used. In one of the 
experiments in which the rate of acetylcholine production by a cysteine-saline 
extract of guinea-pig brain powder was 12-5 yg/g the effects of adding increasing 
concentrations of acetate were determined. The results given in Table 3 
showed that increasing the acetate concentration from 0 to 0-5 and 12-5ym/ml. 
was accompanied by a steady although not a proportional increase in acety]- 
choline production. The results given in Table 3 showed that at a concentration 
of 0-05 um/ml. one-third of the acetate was utilized; but at 0-5um/ml. only 
about one-tenth was used; while at 12-5um/ml. the fraction utilized was less 
than 1/200. 

Resin-treated extracts 
_ Reactivation of extracts. The fact that extracts dialysed for as long as 
18 hr showed some residual activity (see Fig. 1) without re-addition of 


coenzyme A indicated that dialysis was not an efficient method for its 
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removal. Accordingly, some other means of separating the coenzyme from 
the protein fraction was.sought. 


Methods used for the extraction and purification of coenzyme A from liver 
(Lipmann, Kaplan, Novelli, Tuttle & Guirard, 1950) and yeast (Balfour & 
Comline, unpublished data) had provided evidence of its acidic properties. It 
seemed possible, therefore, that treatment of the extracts with a suitable 
anion-exchange resin would remove the coenzyme. By experiment it was 
found that De Acidite E did accomplish this satisfactorily. All of the coenzyme, 
as determined by the sulphanilamide assay method of Kaplan & Lipmann 
(1948), was removed and the treated extracts were unable to synthesize any 
acetylcholine except when reactivated by addition of coenzyme. We were thus 
able to demonstrate for the first time the complete dependence of the system 
on the coenzyme (Balfour & Hebb, 1951a). 


TaBLE 3. Acetylcholine formation at different concentrations of acetate 


_ Amount of acetylcholine formed 
Amount of r A 
acetate added (ug/g acetone 
(uM/ml. incubate) (uM/ml. incubate) powder) 
0 <0-001 12-5 
0-05 0-0181 261 
0-1 0-024 352 
0-2 0-0288 414 
0-35 0-043 
0-5 0-047 680 
12-5 0-056 800 


Enzyme, cysteine-saline extract of ether-washed, acetone-dried guinea-pig brain; coenzyme, 
15 units/ml. incubate (yeast extract). 

Fig. 2 shows reactivation curves of the enzymes for the acetylation of 
choline with citrate and acetate. With citrate, reactivation was nearly 
maximal at relatively low concentrations of coenzyme A; but the require- 
ments of the system utilizing acetate were much higher and reactivation was 
probably incomplete even’at 15 units/ml. From reactivation curves of this 
kind it has been estimated that dialysed extracts probably retained sufficient 
coenzyme to provide a concentration of about 0-5 unit/ml. in the incubate. 
This amount would account for the synthesis of as much as 700g acetyl- 
choline/g with citrate, according to the curve shown in Fig. 2. Accordingly, 
the retention of coenzyme by dialysed extracts provides an explanation of 
the relatively large values obtained by Feldberg & Mann (1945) on incubating 
dialysed extracts with citrate (see Table 4). 

As shown in Fig. 3, brain activator was considerably less effective than 
yeast coenzyme in reactivating the acetate-utilizing system. The two curves 
have been plotted so that at each point along the abscissa the concentration 
of coenzyme added in the form of purified yeast extracts or in the form of 


brain activator should be of the same order. The lower rate of synthesis with 
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boiled brain extract therefore was probably due to some inhibitory com- 
ponent. | 

Acetate and citrate as acetyl-donors for the system. Another difference 
between resin-treated and dialysed extracts was that the resin-treated extracts 
were unable to synthesize any acetylcholine unless acetate or citrate had been 
added to the incubate. This is illustrated by the data of Table 4 in which 


1200 | 
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Coenzyme A, units/ml. incubate 
Fig. 2. Reactivation of resin-treated extracts of guinea-pig brain powder in presence of citrate 
(O——O) and acetate (@———@) by coenzyme A. In the case of citrate and lower acetate 


curve the extracts were made with saline. In the case of upper acetate curve the extract 
contained 6 mg. cysteine/ml. 


results obtained by Feldberg & Mann with dialysed extracts of guinea-pig 
brain powder are compared with our results on resin-treated extracts prepared 
from the same species. The fact that citrate (with Mg ions) could be substituted 
for acetate established with certainty that it too could act as an acetyl-donor 
for the system. The suggestion that citrate played this part in acetylcholine 
synthesis was made by Lipton & Barron (1946), but it remained doubtful 
until other sources of acetyl-precursors had been excluded. One possibility 
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was that the addition of citrate stabilized a system containing other sources 
of acetate. This mggretion had also been made by Kaplan & Lipmann (1948) 


1000 


ACh, sig/g acetone powder 


; 


A, incubate 


j 4 


23 
Activator, mg acetone incubate 
Fig. 3. of guinesgig powder 
by yeastfooenzyme A (@——@) and boiled brain extract (O——O) or ‘activator’. 


TaBiz 4, Comparison of data from Feldberg & Mann (1946) on dialysed enzyme extracts 
with data now obtained on resin-treated extracts 


Preparation of enzyme* 
Dialysed Resin-treated Additionst 
20 0 ATP 
sake 0 ATP, acetate 
470 0 ATP, CoA : 
— ATP, acetate, CoA 
40 0 
400-900 0 Citrate, ATP 
310 0 Citrate, CoA 
1100 1040 Citrate, CoA, ATP 


* From guinea-pig brain tissue. 

+ Other additions were those listed in ‘Methods’, and Mg(l,. 

ACh formation, »g/g acetone powder/hr. 
for the role of citrate in the acetylation of sulphanilamide by liver extracts. 
Nachmansohn & Weiss (1948), in discussing experiments on acetylcholine 
synthesis by extracts of squid head ganglia (acetone powders) which acetate 
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accelerated and citrate inhibited, expressed disagreement with Lipton & 
Barron and drew attention to Ochoa’s suggestion that contaminated ATP 
might be a source of acetyl groups under some conditions. Although we have 
found evidence that contaminated ATP could increase acetylcholine synthesis 
its possible effects were eliminated in our experiments by using acetate-free 
ATP. The synthesis of some acetylcholine by dialysed extracts without 
additions of either acetate or citrate must therefore have been due to acetyl- 
precursors present in the extracts themselves. 

Evidence that our ATP was effectively free of acetate will be found in 
Table 4 (compare figures in 3rd and 4th rows) which also shows that acety!- 
choline synthesis is dependent not only upon the coenzyme and an acety!- 
precursor but upon ATP as well. 

Cysteine requirements of citrate- and acetate-utilizing systems. Although, with 
the omission of cysteine, significant quantities of acetylcholine were found on 
aerobic incubation of the extracts with citrate, the rate of synthesis was much 
higher with its addition (1-5 mg/ml. incubate), Extraction of the powders with 


TaBiz 5. Effect of cysteine on acetylcholine formation in presence of acetate by 
resin-treated extracts of rabbit brain powder 


Conen. of cysteine Cysteine added Final concn. of 


in enzyme-ex- separately on cysteine in 
traction fluid incubation incubate ACh formed 
(mg/ml.) (mg/ml. incubate) (mg/ml.) (ug/g) 
None None None 9 
None 3-0 3-0 640 
None 3-75 3°75 540 
3 None 0-75 1080 
3 15 2-25 1190 
3 3-0 3-75 1200 
9 None 2-25 1200 
9 1-5 3°75 1080 
9 3-0 5-25 1160 


cysteine-saline solution, however, did not make citrate more effective. On 
the other hand, the amount of choline acetylated by acetate was dependent 
both on the extraction of the powders with cysteine and on the total amount 
present in the incubate. When cysteine was omitted both from the extraction 
fluid and from the incubation mixture practically no acetylcholine was 
produced. This is illustrated by the experiment of Table 5 which also shows 
that while cysteine added during incubation could to some extent make up 
for its omission from the extraction fluid, the greatest activity of the enzyme 
was obtained only when cysteine had been used for extraction. 

Inorganic requirements of the acetate system. The effects of K, Ca and Mg 
ions on synthesis of acetylcholine by resin-treated extracts in the presence of 
acetate are shown in Table 6. Of the three ions, K (0-05 m) was the most 
important in maintaining the activity of the enzymes. Added singly Ca 
(0-002 m) or Mg (0-005 m) increased synthesis more than when added together. 
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Experiments on fractionated enzyme preparations 

We reported earlier that enzyme preparations obtained from extracts of 
acetone-dried brain tissue by fractional precipitation according to the method 
of Nachmansohn ¢ al. (1949) could synthesize acetylcholine in the presence 
of citrate and Mg or acetate, Ca and Mg. Three successive precipitates formed 
at 16, 25 and 36% (by volume) of (NH,),80, were taken up in a solution 
containing Na,HPO,, NaCl, KCl, MgCl, and cysteine. The precipitate formed 
at 16% was, as Nachmansohn e¢ al. had shown for acetate, inactive. The 
16-25 % fraction, when separated by centrifuging, utilized citrate much 
more readily than acetate; but the remaining fraction utilized acetate as well 
as citrate. When the 16-25 % fraction was separated by filtration, however, it 
produced rather more acetylcholine in the presence of acetate than in the 
presence of citrate, although the utilization of both substances was relatively 
large (125 and 90ug ACh formed per ml. incubate with acetate and citrate 
respectively). When the precipitate brought down by 25 % (NH,),SO, was 
separated in this way it contained almost all of the active material. 


TaBLE 6. Effects of K, Ca and Mg ions on synthesis of acetylcholine by resin-treated 
cysteine extracts of acetone-dried brain powder (rabbit brain) 


Salts added 
1008 
CaCl, + MgCl, 
544 


In two other experiments in which the extraction was carried out at — 
reduced temperatures (0° C) we succeeded in obtaining extracts which were 
relatively inactive on addition of citrate (17-27ng ACh/ml. incubate) and 
very active on addition of acetate (115-165yug ACh/ml.). In this case the 
16-25 % fraction had been separated by centrifuging at low temperatures; 
and a further precipitate was obtained by increasing the concentration of 
(NH,),80, to 30 % and then filtering. The figures given above were obtained 
from this second fraction. Contrary to our previous experience, the first 
fraction was very active with addition of acetate as well as citrate. The reason 
for this is still uncertain. It may have been that the acetate enzyme appeared 
in this fraction because it was more easily precipitated at a lower temperature; 
but further experiments will be required before this can be determined. 

The observations made on extracts prepared from fractional precipitates 
may be briefly summarized. As we reported earlier (Balfour & Hebb, 19515) 
only negligible quantities of acetylcholine were formed on incubation of the 
extracts without choline. Similarly, in the absence of acetate or citrate, less 
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than 10% of the amount of ester normally formed was produced. Contrary to 
the finding of Nachmansohn ¢ al. (1949) Ca was not, in our experience, 
necessary for acetylation by acetate. Moreover, results of one experiment 
indicated that Ca did not reduce synthesis in the presence of citrate. The effect 
of Mg ions was not determined, since MgCl, was a constituent of the enzyme 
extracts. More Mg was not required, however, for incubation with acetate. 


DISCUSSION 
The finding that enzyme preparations recovered by fractional precipitation 
can utilize both citrate and acetate in the acetylation of choline, and that the 
enzymes concerned can be partially separated has been the chief reason for 
our reinvestigation of the properties of unpurified extracts of acetone-dried 
brain tissue. Direct evidence that citrate accelerates synthesis by providing 
acetyl groups has now been obtained by the use of resin-treated enzyme 
preparations. With the finding that added acetate as well as citrate can 
increase ester production in unpurified extracts the analogy between dialysed, 
resin-treated and fractionated enzymes is complete. 

The system utilizing acetate is distinguished from that using citrate by its 
high cysteine and coenzyme requirements at least in the crude state, since ~ 
comparable observations have not been made on fractionally precipitated 
enzymes. Evidence obtained in other experiments by one of us (W.E.B.) 
suggests that one function of cysteine is to maintain the coenzyme in an 
active state but this does not provide an adequate explanation of the necessity 
of extracting the acetate-utilizing enzyme with cysteine. The part played by 
cysteine in the system therefore remains obscure. ! 

The term ‘choline acetylase’, which was first suggested by Nachmansohn & 
Machado (1943) to describe the enzyme concerned in acetylcholine formation, 
has been avoided in this paper since the evidence which we have been discussing 
clearly indicates that more than one enzyme is necessary to account for 
acetylation by two different organic acids. Even in the simplest scheme for 
acetylation by one of these substances it seems that at least two successive 
reactions are involved, the first leading to the acetylation of the coenzyme 
and the second to the transfer of the acetyl groups to choline. The question of 
terminology has recently been reopened by Korey, Braganza & Nachmansohn 
(1951), who have suggested that the term ‘choline acetylase’ should only 
be applied to the enzyme concerned in the final step of acetylation. This 
might then be regarded ‘as a ‘final common pathway’ for all substances — 
acting as acetyl-donors. 

The evidence that acetate, as well as citrate, can take part in the formation 
of acetylcholine is of importance in determining what parts of the nervous 
system normally produce the ester. If the citrate method alone were used for 
this purpose the results might be misleading since a positive result would 
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depend upon the presence of an enzyme catalysing the initial breakdown of 
citrate to acetate and oxaloacetate as well as one or more enzymes concerned 
in the terminal process of acetylation. A negative result, however, need not 
mean that the tissue could not produce acetylcholine from acetate or possibly 
some other precursor. An enzyme causing the breakdown of citrate to acetate 
and oxaloacetate has been found in nervous tissue (Balfour, unpublished 
experiments) but its distribution has not as yet been studied. Until it is 
known that it is not a limiting factor for acetylation by any particular extract 
it would be unwise to deduce that a tissue is incapable of synthesizing acetyl- 
choline because it does not do so in vitro when incubated with citrate. On the 
other hand, if the distribution of the synthesizing systems is studied using the 
conditions necessary to bring acetate into reaction, the results will not 
necessarily be more significant. The coenzyme requirements of the system we 
have described are about ten times higher than those of citrate, and if this is 
not an artifact it would indicate that citrate rather than acetate is the normal 
source of acetyl groups. This is evidence of an indecisive kind, however; and it 
is unlikely that the problem of the acetyl-donor will be solved until more is 
known about the normal metabolic turnover in nervous tissue of both citrate 
and acetate. 
| SUMMARY 

1. Conditions have been demonstrated under which acetylcholine synthesis 
by extracts of acetone-dried mammalian brain can be accelerated by acetate 
as well as by citrate. 

2. Both substances are shown to act as acetyl-donors for the system. 

3. Complete dependence of the enzymes concerned in synthesis of acetyl- 
choline on coenzyme A has been demonstrated for the first time. | 


We wish to express our thanks to Dr Philip Eggleton for advice and assistance received from 
him in the course of numerous discussions during the progress of this work; and also to Dr R. 8S. 
Comline for instruction in preparing coenzyme A from yeast. Miss Margaret Forfar and Mr W. T. 
Hunt gave us valuable help in a number of the biochemical preparations. Grants to each of us 
from the Trustees of the Moray Fund of Edinburgh University provided some of the equipment 
used in this research; while the purchase of materials has been aided by a grant from the Royal 
Society. Their help is gratefully acknowledged. 

Note added in proof. Recently one of us (C.0.H.) has found that it is not necessary to extract 
the enzyme in the presence of cysteine to obtain maximal synthesis in the presence of acetate; 
cysteine is equally effective if it is added to the incubating tubes with, or immediately after, the 
enzyme solution and before any other constituents. 


REFERENCES 


Balfour, W. E. & Hebb, C. (1951a). J. Physiol. 114, 27P. 

Balfour, W. E. & Hebb, C. (19510). Nature, Lond., 167, 991. 

Comline, R. 8. (1948). Ph.D. Thesis. The University Library, Cambridge. 

Feldberg, W. (1950). In Methods in Medical Research, 8, pp. 97-9, ed. Gerard, R. W., Chicago: 
Year-Book Publishers. 

Feldberg, W. & Hebb, C. (1945). J. Physiol. 104, 42 P. 


ou 
¥ 
a 
4 
4 
a 
fi 
5 
a 
j 
i 
* 
4 
at 


106 W. E. BALFOUR AND CATHERINE HEBB 


Feldberg, W. & Hebb, C. (1947). J. Physiol. 106, 8. 

Feldberg, W. & Mann, T. (1944). J. Physiol. 108, 28 P. 

Feldberg, W. & Mann, T. (1945). J. Physiol. 104, 17 P. 

Feldberg, W. & Mann, T. (1946). J. Physiol. 104, 411. 

Kaplan, N. O. & Lipmann, F. (1948). J. biol. Chem. 174, 37. 

Korey, 8., Braganza, B. & Nachmansohn, D., (1951). J. biol. Chem. 189, 705. 

LePage, G. A. (1949). In Biochemical Preparations, 1, p. 5, ed. Carter, H. E. New York: John 
Wiley and Sons; London: Chapman and Hall. 

Lipmann, F. & Kaplan, N. O. (1946). J. biol. Chem. 162, 743. 

Lipmann, F., Kaplan, N. O., Novelli, G. D., Tuttle, L. C. & Guirard, B. M. (1950). J. biol. Chem. 
186, 235. 

Lipton, M. & Barron, E. (1946). J. biol. Chem. 166, 367. 

Nachmansohn, D., Hestrin, 8. & Voripaieff, H. (1949). J. biol. Chem. 180, 875. 

Nachmansohn, D. & John, H. (1945). J. biol. Chem. 158, 157. : 

Nachmansohn, D. & Machado, A. (1943). J. Newrophysiol. 6, 397. 

Nachmansohn, D, & Weiss, M. (1948). J. biol. Chem. 172, 677. 


= 
4 
7 
a 
& 
brs 
al 
ag 
¢ 


107 


J. Physiol. (1952) 118, 107-112 


SALTATORY CONDUCTION IN MYELINATED. 
NERVE FIBRES 


By BERNHARD FRANKENHAEUSER 
From the Nobel Institute of Neurophysiology, Karolinska Institutet, 
| Stockholm 


(Received 10 March 1952) 


The impulse conduction in a myelinated nerve fibre has been held by some 
investigators to be ‘saltatory’ in the sense that the activity jumps from node 
to node (for references see Tasaki & Takeuchi, 1942; Huxley & Stampfli, 
1949; Frankenhaeuser & Schneider, 1951), whereas others hold it to be 
continuous (Lorente de Né6, 1947; Laporte, 1951). For detailed information 
concerning the evidence in favour of saltatory conduction in isolated nerve 
fibres reference is made to the recent reviews by Huxley & Stampfli (1949), 
Hodgkin (1951) and Frankenhaeuser & Schneider (1951). This evidence seems 
fully convincing. Recently, however, it has been suggested that conduction in 
an undissected fibre is a continuous process (Laporte, 1951). If conduction in 
an intact fibre is continuous but in a dissected fibre saltatory, it is impossible 
to apply the results obtained on isolated fibres to undissected fibres. Con- 
sequently, it is of prime importance for the understanding of the activity of | 
peripheral nerve to clear up this discrepancy. 

- Laporte’s evidence for continuous conduction in an undissected nerve 
fibre is summarized in the statement that ‘the conduction time increases 
continuously and linearly with increasing conduction distance, the spike 
displays constant magnitude and shape when the recording electrode is 
displaced along the nerve, and the spike presents no signs of fractionation’. 
Laporte experimented on carp and frog nerves. The action potential was 
usually recorded with an inter-electrode distance of 9-20 mm with one 
electrode on the killed end of the nerve. The longitudinal current was in some 
experiments recorded with 1-5 mm inter-electrode distance. Laporte drew 
the conclusion that the conduction of impulses in peripheral myelinated 
fibres of a nerve trunk is a continuous process. 

Stampfli & Zotterman (1951) experimented on single fibres with intact 
connective tissue sheath. They found that the slope of the rise of the action 
potential varied with the electrode positions in a regular manner, and from 
this concluded that conduction is saltatory. Their experiments certainly 
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favour the assumption that conduction in intact fibre is saltatory. As pointed 
out, the question whether conduction is continuous or saltatory is of prime 
importance for the understanding of the activity in peripheral nerve. For this 
reason it seemed worth while to look for more direct evidence in order to 


settle this question. 

Whether conduction is continuous or saltatory, an active region should 
always be characterized by an inward direction of the membrane current 
(Huxley & Stampfli, 1949). In an isolated myelinated fibre the nodes of 
Ranvier are the only places where an inward current can be observed (Tasaki & 
Takeuchi, 1942; Huxley & Stampfli, 1949). 

In the present investigation it will be shown that an undissected myelinated 
frog fibre with intact connective tissue sheath displays likewise inward 
current at certain points only along its course. From this it is concluded 
that conduction must be saltatory and not continuous. 


METHODS 


Preparation. The experiments were carried out on a small nerve twig from the sciatic nerve of 
Rana temporaria. This twig is regularly found just distal to the point where the tibial and peroneal 
nerves separate. This preparation contains only about five large myelinated fibres and a number 
of small fibres. The nerve is easily dissected free from !surrounding loose connective tissue and 
then provides a slender homogeneous preparation of about 5 mm length. The distal end of the 
nerve was left intact in the tissue, the sciatic trunk was dissected free and cut centrally, and all 
other branches were cut. 

_ Stimulation and recording. The preparation was mounted in a box made of plexiglas (methyl 
methacrylate polymer) (Fig. 1). The whole preparation was kept immersed in Ringer solution. 
The sciatic trunk was sealed with petroleum jelly at partitition 1 in order to obtain an increased 
resistance outside the nerve and thus keep the stimulating current reasonably low. The nerve 
twig was sealed at partitions 2 and 3 in order to obtain a high ohmic recording resistance. It 
should be noted that partitions 2 and 3 and the fluid gap between them are each 0-25 mm. 
Attention is also drawn to the fluid shunt between the Ringer pools on either side of the recording 
resistance. This arrangement records the membrane current, i.e. the transversal current through 
the membrane, as a difference between the longitudinal currents at two neighbouring segments. 
— 
). 

Ag-AgCl electrodes were used for stimulation and recording. The nerve was stimulated every 
3 sec with a short rectangular pulse from a flip-flop stimulator, synchronized with the time base. 

The activity in the nerve was recorded with a 8.c. coupled amplifier with a flat frequency 
response (+1 decibel) from about 20 c/s to 80 ko/s. Cathode followers were used as input stage. 
A cathode-ray tube and continuously running photographic paper were used in the conventional 
manner. 

The nerve twig was sealed in its proximal end at partitions 2 and 3 (Fig. 1) and moved by hand 
to and fro under microscopic control in a longitudinal direction through the recording site. The 
nerve twig was not touched by the needles used to grasp the preparation. The nerve moved easily 
in the recording site. When the movement was not quite longitudinal the channels in the petroleum 
jelly became wider as observed through the microscope, and the amplitude of the recorded 
potential decreased as a result of the decreased recording resistance. As far as possible stretching 


of the nerve was avoided. Stretches somewhat greater than ined did not 
affect the results. any likely to be sustained did no 
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RESULTS 


In the present experiments a single fibre was activated by each stimulus. 


Single fibre response was obtained either by adjusting the stimulus strength 
so that one fibre alone was activated or else by dissecting the nerve trunk 
proximal to the branch. Both methods gave the same result. The longitudinal 


current. was recorded (fluid shunt removed, Fig. 1) when the conventional 


controls for a single fibre response were made. It proved to be diphasic over 


_ the whole stretch of nerve used in the experiments. 


It was expected that the recording resistance would decrease when the 
nerve was moved in the channels formed in the petroleum jelly at the recording 
site. This happened, however, only the first time the nerve was moved. After 
the first move the spike had practically constant amplitude when recorded 
from the same place before and after several movements. This finding shows 
that the recording resistance is stable enough for the investigation. 

The membrane current was recorded while the nerve was moved in steps 
in the recording site under the microscope. An outward current (a deflexion 
upward from the base-line) was recorded from all parts of the nerve (Fig. 2a-g). — 
In most places this was not followed by any other deflexion (6, c and e), 
hut in some records (a, d and g) it was followed by an inward current. Thus 
these places with inward current are the only places where generation of 
action current takes place. The active regions are regularly spaced at about 
1 mm which is the expected internodal length of this fibre. Each segment 
behaved in a constant manner throughout the experiment with respect 


_ the direction of the current. | 


DISCUSSION 

The experiments clearly show that in an undissected myelinated nerve fibre 
with intact connective tissue sheath there is inward membrane current at 
some points only, whereas the recorded current at other points is exclusively 
outward in direction. The points with inward current are spaced as the nodes 
are expected to be spaced. Evidently these fibres behave in a similar manner 
to isolated fibres. Therefore it is concluded that the impulse conduction in the 
undissected myelinated fibre is saltatory. This is the standpoint taken up by 
Stampfli & Zotterman (1951). It is, however, in sharp disagreement with the 
conclusion drawn by Laporte (1951). 

Let us now inquire into the reason for this discrepancy. Laporte, as stated, 
based his conclusions upon the observations that ‘conduction time increases 
continuously and linearly with increasing conduction distance, the spike 
displays constant magnitude and shape when the first recording electrode is 
displaced along the nerve, and the spike presents no signs of fractionation’. 

Laporte made his principal observations on the monophasic action potential 
recorded with an inter-electrode distance of 16-5-19-5 mm (frog nerve). The 
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Fig. 1. Diagram of stimulation and recording. The nerve is sealed with petroleum jelly at the 
partitions 1-3. Partitions 2 and 3 and the fluid gap between them are each 0-25 mm. 

ea Insulation is indicated by oblique lines; petroleum jelly seal indicated in lower figure by 
_ vertical lines. The figure is not drawn to scale. =: 
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Fig. 2. Membrane current recorded from the nerve twig, the recording site moved in distal I 
direction about 0:3 mm between each record. Inward current downwards. The vertical 
lines indicate the time for the peak of the outward current in records a, d and g. Longitudinal _ 
current of binodal’ type during the whole experiment. Time 10,000 o/s. 
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time for the rise of the action potential recorded with this large inter-electrode 
distance is 0-36 msec as measured from foot to peak in Laporte’s fig. 5. The 
conduction rate was 31 m/sec; therefore the impulse had moved 11:3 mm 
during this time. Evidently 11-3 mm of fibre participates in the measurable 
part of the rise of the action potential. If only the steep rising part of the 
action potential is taken into consideration, the impulse has lasted 0-18 msec 
and has moved 5-5 mm. These figures show that a stretch of more than one 
internode had been activated during the rising phase. 

Let us assume conduction to be saltatory. Applying Ohm’s law it is easily 
found that the longitudinal current caused by the activity of one node close to 

the recording electrode participates in the recorded action potential to an 
extent depending upon the external recording resistance of this current loop 
(Fig. 3). This recording resistance is altered when the electrode is moved 
along the nerve. The time interval from the stimulus artifact to the foot or to 
the peak should thus be expected to change continuously and more or less 


Fig. 3. Principal current spread when node | is active (saltatory conduction). The current 
through nodes 4, 5, ..., and through the myelin sheath is neglected. External conductor is 
assumed to be a homogeneous cylinder. Left electrode is moved along the nerve from right 
to left. 


linearly and the action potential to have nearly constant amplitude when the 
electrode is moved along the fibre. This is exactly what Laporte found. These 
observations, however, do not help to settle the question whether conduction 
is continuous or saltatory (cf. Stampfli & Zotterman, 1951; Huxley, 1951) 
since each is bound to produce a continuous change. 

The time interval between the start of activity in two neighbouring nodes. 
is about 0-05 msec as calculated from conduction rate and internodal distance. 
If we wish to measure this time interval the measuring must be done on 
those points of the action potential at which the activity actually starts in 
the nodes concerned. This value can theoretically be obtained from records 
of the action potential provided that the recording apparatus has a frequency 
response high enough to record the variations in slope of the rising phase of 
the action potential as described by Stampfli & Zotterman (1951). The 
tracings these authors present in their fig. 3 do not, however, allow this time 
interval to be calculated because the tracings are either not mounted for that 
purpose, or the latency has varied in the course of the experiment (stimulus 
_ strength near threshold?). Laporte has, evidently, to judge from the noise 
level, used an amplifier with a too narrow frequency band in the high 
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frequencies and thus has not been able to record the expected changes in 
the action potential. 

In the present investigation the membrane current was recorded. In such 
records we have, in the peak of the outward current, an approximate land- 
mark for the beginning of activity at the recording site, and, in the peak of 
the inward current, a similar landmark for the beginning of activity in the 
next segment of the fibre. From Fig. 2 in this paper it is evident that these 
points fit in with what is expected if conduction is saltatory but do not agree 
with continuous conduction. 

The absence of fractionation of the recorded potentials is not a strong 
argument against the saltatory conduction theory, particularly if the potentials 
are recorded so that the spikes are rounded off in the amplifier system. 
Fractionation may be more pronounced in dissected fibres, partly because 
these fibres may to some extent have been damaged during the dissection, 
and partly because the recording resistance can be made shorter with dissected 
fibres. The aim of the present investigation is only to show that conduction is 
also saltatory in undissected nerve fibre, and not to consider how far the 
dissected fibre is altered in its properties in other respects. — 

Thus we have seen that none of Laporte’s findings gives any information 
whatsoever about the question whether conduction is continuous or saltatory. 
Staémpfli & Zotterman (1951) held conduction in intact fibre to be saltatory on 
the evidence that the slope of the rising part of the action potential varies in 
a regular manner. In the present investigation it was shown that an inward 
membrane current is recorded from some points only along the intact nerve 
fibre. Therefore we conclude that conduction in peripheral myelinated fibres 
is saltatory independently of whether the fibre is dissected or intact. 


SUMMARY 
1. It has been shown that an undissected myelinated frog fibre displays 
inward membrane current at. certain points only along its course. 
2. The conclusions drawn by Laporte (1951) are criticized. 
3. It is concluded that conduction is saltatory independently of whether 
the fibre is dissected or intact. 


Foundation. 
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CONDUCTION THROUGH THE INFERIOR MESENTERIC 
GANGLION OF THE RABBIT 


By G. L. BROWN anp J. E. PASCOE 
From the Department of Physiology, University College, London 


(Received 10 March 1952) 


In recent years a considerable volume of information has accumulated about 
conduction through the ganglia of the sympathetic nervous system. The 
pathways through the superior cervical ganglion, the stellate and the inferior 
mesenteric ganglion of the cat have been studied in detail (Eccles, 1935, 1943; 
Lloyd, 1937; Bronk, Tower, Solandt & Larrabee, 1938), and accurate figures 
are available for conduction velocities in afferent and efferent fibres for 
refractory periods and for synaptic delays in these ganglia. 

Our attention was originally directed towards the inferior mesenteric 
ganglion of the rabbit by our need to secure, for another purpose, a ganglion 
with a long post-ganglionic trunk and capable of survival for long periods 
after isolation from the body. Preliminary tests revealed fibre connexions in 
this ganglion of greater complexity than we had suspected, and transmission 
phenomena which distinguished it in some respects from those previously 
studied. A preliminary account of some of the experiments has already 
appeared (Brown & Pascoe, 1951). 


METHODS 
All our experiments have been made on the inferior mesenteric ganglion of the rabbit, isolated 
from the body and suspended in Locke’s solution. 


Gross anatomy and nomenclature 

The inferior mesenteric ganglion of the rabbit is » single (unpaired) structure lying within the 
mesocolon in the cranio-ventral angle between the inferior mesenteric artery and the aorta 
(Fig. 1). It is connected with the sympathetic ganglionated chain through the inferior splanchnic 
nerves. The only one of these large enough for dissection and convenient manipulation runs from 
the cranial pole of the ganglion, cranio-dorsally and may be 1-1-5 om in length. A smaller 
splanchnic nerve is sometimes visible running ventrally from the chain to enter the middle of 
the ganglion. Only on a few occasions have we succeeded in dissecting this in a viable condition. 
Other minute filaments can also be seen running from the chain towards the ganglion or its 
connexions and are presumably subsidiary inferior splanchnic nerves. 

Running from the caudal pole of the ganglion is « complex network of branches, some 
emanating from the ganglion itself and others from nerve fibres on the colonic vein and inferior 
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mesenteric artery. This network often forms two distinct trunks which embrace the inferior 
mesenteric artery and then unite to join the accessory inferior mesenteric ganglion, from which 
arise the hypogastric nerves proper. 

On the ventral side of the main ganglion there is a dense plexus of nerves, the main strands of 
which form the ascending mesenteric nerve, running cranio-ventrally along the colonic vein. In 
many animals a separate subdivision of the ascending mesenteric nerve, the aortic branch, arises 
from the cranial pole of the ganglion, runs dorsally in the mesocolon and then turns ventrally to 
joi the main trunk of the ascending mesenteric nerve. Running along the colonic vein, in close 
association with the fibres arising from the ganglion, are numerous strands which may either run 
into the accessory ganglion, turn ventrally with the colonic vein or inferior mesenteric artery, or 
mingle inextricably with the plexus on the ventral side of the main ganglion. 

We have adhered closely to the nomenclature used by Langley & Anderson (1896); the term 
intermesenteric nerve is used by Kuntz (1940) apparently to describe the ascending mesenteric 
nerve and its branches. 


Inferior splanchnic nerve 


Fig. 1. Diagram of connexions of inferior mesenteric ganglion in the rabbit, as seen 
from the right side of the supine animal. 


For dissection of the ganglion and its nerves the rabbits were anaesthetized with urethane 
(1-8 g/kg), the abdomen was opened, and the mesocolon in the region of the inferior mesenteric 
artery was spread on a black glass plate. This procedure, in thin rabbits, exposes clearly the 
ganglion and its connexions. In animals with copious retroperitoneal fat, the ganglion may not 
be visible until the uppermost layer of mesocolon has been removed. When the ganglion and its 
branches had been identified, the inferior splanchnic was dissected and tied, then the aortic 
branch was dissected, and the ascending mesenteric nerve was stripped from the vein. The final 
procedure was to ligate the caudal branches of the ganglion and to free it from its bed. By pro- 
ceeding in this order we were able usually to preserve all branches in a conducting condition, and 
the ganglion itself retains its blood supply until the end; the artery of the ganglion is usually a 
branch of the inferior mesenteric vessel, and ite veins appear to drain directly into the inferior 
vena cava. Most of the dissection was made with steel needles ground to knife edges, and with the 
aid of a binocular-dissecting microscope giving a magnification of x7. 


The ganglion was placed in Locke’s solution at room temperature and eventually set up in the 
recording bath. This consisted of a Petri dish surrounded by a brass frame which carried in ball 
joints sufficient platinum hooks to provide suspensions for the four branches of the ganglion and 
stimulating, recording and earth leads for any three of them. The brass frame was closed at the 
top and bottom with glass plates, the whole forming « reasonably gas-tight chamber. The Locke’s 
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solution in the Petri dish was aerated and circulated continuously with a 95% 0,-5% CO, mixture, 
and its level could be changed to allow suspension of the preparation in the gaseous atmosphere 
| for recording, and immersion in the solution at intervals. 

In some of our early experiments we dissected under light liquid paraffin and attempted to 
record in paraffin or in a paraffin-Locke’s solution interface. We found that the preparations in 
paraffin decayed rapidly, and accordingly abandoned its use. _ 

The potentials from the ganglion and branches were led through cathode followers into an 
amplifier with variable time constant, d.c. recording being available if necessary. The amplified 
potentials were displayed and recorded from a double-beam cathode-ray oscilloscope. 


Stimulation 
The stimuli used were rectangular voltage pulses, floating from earth, and of a duration of 
0-5 msec. | 
RESULTS 


Conduction from inferior splanchnic to ascending mesenteric nerve 

. Stimulation of the inferior splanchnic causes the appearance of a spike in the 
ascending mesenteric nerve. The shortness of the inferior splanchnic nerve 
usually prohibited determination of the velocity of the ingoing volley. In two 
experiments, in which a sufficient length of nerve was available, we measured 
the velocity of the component of the ingoing volley responsible for the main 
spike of the outcoming volley in the ascending mesenteric nerve by moving the 
stimulating electrodes on the inferior splanchnic. The ingoing fibres conducted 
at a velocity not less than 5 m/sec at 20°C. In the other experiments the 
stimulating cathode was so close to the ganglion that no allowance for the 
velocity of the inferior splanchnic volley was necessary in making subsequent 
calculations of ganglionic delay. | 

Stimulation of the ascending mesenteric evoked in the inferior splanchnic — 
only a minute spike; the major part of the volley produced in the ascending 
mesenteric by stimulating the splanchnic is thus postganglionic. This con- 
clusion was confirmed by the almost complete disappearance of the ascending 
mesenteric spike when the ganglion was blocked with either D-tubocurarine or 
nicotine acid tartrate. 

Velocity of outcoming ascending mesenteric volley. A number of determinations 
was made of the velocity of the main spike appearing in the ascending 
. mesenteric nerve when the inferior splanchnic was stimulated ; the velocities at 
temperatures 20-22° fell between 0-37 and 0:56 m/sec (mean 0-43, 9 determi- 
nations, 8.E. + 0-02). 

Ganglionic delay. The ganglionic delay was determined graphically from & 
plot like that shown in Fig. 2. The distance shown as 0 was taken as the position 
of the recording electrodes when that nearest to the ganglion was touching 
} the junction of the ascending mesenteric nerve and the ganglion. It is obvious 
that this point can only give an approximation to the position of the actual 
synapse, since the ganglion extends over several mm, and it is well known that 
ganglion cells may be found in sympathetic nerve trunks at — 
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distances from an anatomically circumscribed ganglion. The spatial extent of 
the ganglion, therefore, together with the low velocity of conduction of the 
outcoming volley, led to inaccuracies in calculation of the delay in the passage 
of the impulse through the ganglion. 

At temperatures of 20-22°, delays between .26 and 43 msec have been 
observed (mean 33, 9 determinations, 8.8. + 3). 


Distance from ganglion (mm) 


3 


0 | { } 
0 50 100 150 200 250 300 | 

Time (msec) 

Fig. 2. Example of plot used to determine ganglionic delay and velocity of outcoming volley in 
ascending mesenteric nerve, excited (a) by inferior splanchnic stimulation, and (b) by 
ascending mesenteric ingoing volley. In this and all subsequent figures a downward deflexion 
indicates negativity of the recording electrode nearer to the ganglion. 


Effects of stimulation of ascending mesenteric nerve 
When we started these experiments we had assumed that the ascending 


mesenteric nerve would contain mainly postganglionic fibres with cells in 


the inferior mesenteric ganglion supplied by the inferior splanchnic, together 
with a few ‘straight through’ fibres like those reported by Lloyd (1937) as 
occurring in the cat. This proved to be incorrect, since excitation and recording 
from the nerve showed that a volley entering the ganglion (the ingoing volley) 
gave rise to a smaller and less synchronous outcoming volley after a delay in 
the ganglion (Fig. 3). 

The ascending mesenteric ingoing volley. Maximal stimulation of the 
ascending mesenteric nerve gives rise to a large, synchronous and apparently 
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homogeneous diphasic spike conducted at velocities between 0°35 and 
0-67 m/sec at 20-22° (mean 0-45 m/sec, 14 determinations, s.z. +0013). In 
some experiments the large spike was preceded by a much smaller spike 
representing @ group of fibres with a lower threshold, conducting at 2 m/sec. 
With higher amplification a third spike becomes evident, produced by a group 
of fibres with higher threshold and a conduction velocity near 0-25 m/sec. 
The method used in determining the velocities of the ingoing components of 
the ascending mesenteric nerve and of the outcoming volley is shown in 


Fig. 4. 


Fig. 3. Response of ascending mesenteric nerve to maximal single shock, showing ingoing spike 
and spike returning from ganglion. Stimulating cathode 26 mm from ganglion and one 
recording electrode on pole of ganglion. Time, 20 msec. : 


The ascending mesenteric outcoming volley. The outcoming volley recorded 
in the ascending mesenteric nerve shows a spike which is seldom more than 
20% of the main ingoing spike and is followed by an asynchronous discharge 
of variable magnitude and duration. An example of a particularly clear 
- asynchronous discharge is given in Fig. 5. Measurements of the velocity of 
the outcoming volley show that the main spike is conducted at 0-20—0-53 m/sec 
at 20-22° (mean 0-37, 16 determinations, s.z. + 0-02). In those experiments 
in which all determinations were made, the outcoming volley was always 
found to travel a little slower than the main ingoing spike, but faster than 
the third component of the ingoing spike. 

Preganglionic fibres exciting outcoming ascending mesenteric volley. In our 
earlier experiments we assumed that the main ingoing volley contained the 
fibre group responsible for the outcoming discharge in the ascending mesenteric 
nerve (cf. Brown & Pascoe, 1951). We were led to doubt this by the observation 
that the outcoming spike did not appear until the stimulating voltage was 
increased beyond that necessary to produce a maximal main spike. We 
therefore determined directly the velocity of the fibres responsible for exciting 
the outcoming spike by the following method (Fig. 6). Recording electrodes 
were placed at A on the ascending mesenteric nerve, and the tissue under the 
distal lead was treated with cocaine to produce a monophasic record. The 
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stimulating electrodes were moved by steps between B and C on the aortic 
nerve. This provides a fixed distance of travel for the outcoming volley and 
a variable distance for the ingoing; the difference in latency between points 
B and C thus gives a measure of the velocity of the ingoing volley responsible 
for the outcoming volley recorded at A. The values obtained agreed closely 
with the velocity of the third, slowest component of the ascending mesenteric 
complex action potential. 


mn 
= 


‘ Distance of proximal recording lead from ganglion (mm) 
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Fig. 4. Determination of velocities of ingoing ascending mesenteric spikes and of the outcoming 
volley. The main ingoing spike has been deleted except at positions 0 and 25 mm for the 
sake of clarity. Lower gain was used for recording the main spike. In this experiment the 
velocities were as follows: lst spike, 1-4 m/sec; 2nd spike (main spike), 0-47 m/sec; 3rd spike 
(true ingoing), 0-27 m/sec; outcoming, 0-39 m/sec. 


The evidence from velocities points to a fundamental change in the 
conducting pathway after the impulses have passed through the ganglion. 
As Table 1 shows, the outcoming spike always travels faster than the ingoing 
spike responsible for it. This, in itself, is good evidence that a synapse is 
involved. The outcoming volley, moreover, disappears when the ganglion is 
treated with p-tubocurarine chloride or with nicotine acid tartrate. 
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The above arguments exclude the possibility that the outcoming volley is 
due to the discharge of cells excited antidromically, as occurs with the — 
motoneurones of the spinal cord (Renshaw, 1941). The outcoming volley, 
moreover, can be recorded when the likelihood of antidromic excitation is 
remote ; it occurs, for instance, in the aortic branch of the ascending mesenteric 
nerve when the main trunk is stimulated and vice versa. The abnormal 


Fig. 5. Response of ascending mesenteric nerve to maximal single shock. The main ingoing spike 
is not visible, since high amplification was used. The third, slowest component of the ingoing 


spike is clearly shown. The outcoming discharge is unusually asynchronous. Stimulating 
cathode 29 mm and lead-off electrodes 20 mm from ganglion. Time ,20 msec. 


Fig. 6. Method of measuring conduction velocity of ingoing fibres responsible for 
outcoming volley. For details see text. . 


TaBLE 1. Ascending mesenteric nerve; simultaneous comparisons of velocity of outcoming - 
spike, and that of ingoing spike responsible for it 


| Outcoming Ingoing 
Expt. (m/sec) (m/sec) 

2 

3 

4 
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condition of the tissue in these experiments is not necessary for the appearance 
of the outcoming spike, since we have observed it in the ascending mesenteric 
nerve im situ and at body temperature. 

Ganglionic delay. In our earlier experiments we assumed that the main 
ingoing ascending mesenteric spike was responsible for the outcoming volley. 
Measurements of ganglionic delay on this assumption gave values much greater 
than those found in the pathway inferior splanchnic-ascending mesenteric, 
falling between 48 and 159 msec (Brown & Pascoe, 1951). 

The discovery that a much more slowly conducted spike was the true 
ingoing volley necessitated a redetermination of the ganglionic delay. We 
have found that the values for the pathway ascending mesenteric—ascending 
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mesenteric fall within the same range as those for the pathway inferior 
splanchnic-ascending mesenteric. These figures, however, apply only to the 
initial spike of the outcoming volley, and much greater delays may occur, 
if the apparent temporal dispersion of the recorded discharge is not due to 
repetitive discharge. 

Temporal dispersion of outcoming volley. As we have already pointed out, 
the initial spike of the outcoming volley is followed by a long-lasting discharge, 
the end of which cannot. be detected in the ordinary record, since it merges 
with the background noise of the recording system. We therefore adopted 
another method of measuring the degree of dispersion of the outcoming 
discharge. The stimulating and recording electrodes were placed on the 
ascending mesenteric nerve, with the recording electrodes nearer the ganglion. 
A maximal stimulus was applied to the nerve, setting up ingoing and out- 
coming volleys. A second stimulus, applied during the time that the out- 
coming volley was passing between recording and stimulating electrodes, set 
up a second ingoing volley of reduced size. The reduction of this second volley 
was proportional to the number of fibres rendered refractory by the outcoming 
volley. The results of such an experiment showed that the outcoming volley 
may be dispersed over more than 200 msec. Blocking the ganglion with 
p-tubocurarine chloride, by abolishing the outcoming volley, removes the 
depression of the second response. 


Interaction between ingoing ascending mesenteric and 
inferior splanchnic volleys 

- Our experiments have shown that the cells of the inferior mesenteric 
ganglion receive preganglionic impulses from two sources, the ascending 
mesenteric nerve and the inferior splanchnic nerve, the discharge of the post- 
ganglionic fibres being detectable in the ascending mesenteric nerve in each 
instance. We had to decide whether the two preganglionic pathways excited 
common ganglion cells or were discrete. To settle this point, a preparation 
was needed with three separate functioning pathways: the inferior splanchnic, 
an ascending mesenteric branch for exciting an ingoing volley, and a separate 
ascending mesenteric component for recording the outcoming impulses. Only 
by using this preparation could we avoid the complication of antidromic 
excitation of the cells from whose postganglionic fibres we were recording. 
Fig. 7 shows the general disposition of stimulating and recording electrodes. 
A completely satisfactory preparation was only achieved in a few instances, 
since in many animals a convenient subdivision of the ascending mesenteric 
was absent, in others the inferior splanchnic did not conduct after dis- 
section, and often the outcoming spikes were too diffuse to permit accura 
measurement, 


Experiments to assess the presence and degree of overlap of the two 
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preganglionic fields were made as follows. A maximal stimulus was applied 
at S to the inferior splanchnic nerve, and at intervals before and after it, 
a second stimulus was applied to a branch of the ascending mesenteric nerve 
at A. The outcoming volley was recorded monophasically in the ascending 
mesenteric nerve at M. Drawings of the responses to S alone and A alone, 
and to S+A at a variety of intervals were made, and the time-potential 
integrals were estimated with a planimeter. When the preganglionic volleys 
were so timed that the outcoming volleys were approximately synchronous, 
we obtained evidence in one experiment alone of some degree of facilitation, 
i.e. the area of S+A was greater than the sum of S alone and A alone. The 
difference was less than 10% and therefore of doubtful significance. 


Time (msec) 

Fig. 7. Effect on outcoming ascending mesenteric volley of discharge of cells excited by inferior 
splanchnic. ‘Time 0 represents point at which the peak of the inferior splanchnic volley leaves 
the ganglion. The continuous curve shows the ganglionic slow potentials, evoked by inferior 
splanchnic stimulation, fitted to the present time scale. | 


In all the other experiments the area of S+A equalled or was less than the 
sum of S alone and A alone; this suggests that occlusion was occurring. The 
degree of occlusion we observed varied from preparation to preparation 
between 16 and 39% but was constant in any one preparation. 

Although this depression of the summed spike of the apparently simul- 
taneous discharge of the two groups of ganglion cells may be due to a genuine 
occlusion, we have had difficulty in dissociating it from other, ‘inhibitory’, 
phenomena which follow the discharge of the ganglion cells. It appears that 
the discharge of one group of ganglion cells depresses the excitability of those 
supplied by another preganglionic trunk. For instance, in one experiment in 
which there was no evidence of occlusion and less than 10% of facilitation 
between the ascending mesenteric and inferior splanchnic pathways, the 
discharge of the ganglion cells supplied by the inferior splanchnic produced 
a depression of the response to ascending mesenteric stimulation which lasted 
some 250 msec. The depression follows closely the time course of the ganglionic 
slow positive potential (Fig. 7). 
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DISCUSSION 

Examination of what might be called the conventional pathway through the 
inferior mesenteric ganglion—from the inferior splanchnic nerve to the 
ascending mesenteric nerve—reveals no peculiar features; the preganglionic 
conduction velocity, ganglionic delays and postganglionic velocity agree 
closely with values obtained in other ganglia if allowance is made for 
temperature. The other pathway through the ganglion—ingoing ascending 
mesenteric, outcoming ascending mesenteric—shows features of interest. 
One of the most striking is the extremely slow conduction velocity—and 
presumably small size—of the ingoing fibres responsible. The velocity of 
conduction (mean 0-25 m/sec) is about one-twentieth of that of the inferior 
splanchnic preganglionic fibres and one-fortieth of that of the cervical 
sympathetic trunk determined under similar conditions. The postganglionic 
fibres of the splanchnic pathway conduct at 0-43 m/sec and those of the 
ascending mesenteric at 0:37 m/sec. It follows that the mean velocity of the 
ascending mesenteric preganglionic fibres is much less than that of the 
postganglionic fibres which they supply. 

The small size of these preganglionic fibres naturally raises speculation 
about their origin. Langley & Anderson (1896) assumed that the ascending 
mesenteric nerve, in addition to supplying the colon, made connexions with 
the superior mesenteric ganglia. Kuntz (1940) has claimed that visceral 
reflexes take place through mesenteric nerves and the inferior mesenteric 
ganglion, If Kuntz’s claim is correct, then these slow fibres might well be 
the afferents of this system. Experiments are in progress to determine the 
origin of these fibres; it is sufficient to report at this stage that degenerative 
decentralization of the inferior mesenteric ganglion removes neither the slow 
component of the ingoing volley, nor the outcoming response. Degenerative 
section of the ascending mesenteric nerve removes the ingoing slow component 
from the ganglionic stump, but it persists in the distal stump. It follows 
from this that, whatever is the origin of these fibres, the cell somata lie 
somewhere in the headward distribution of the ascending mesenteric nerve. 

Our evidence on the degree of overlap of the two ganglionic fields is not 
conclusive. If facilitation does occur it does not exceed 10% and is near the 
limits of accuracy of the method of measurement. The depressant effects of 
the discharge of one group of ganglion cells make measurements of occlusion 
of doubtful value. The curve reproduced in Fig. 7 shows that the onset of the 
depression is abrupt. It follows then that the cells of one group are already 
likely to be exposed to the depressant action of cells of the other group, 
discharging slightly before them, and that slight temporal shifts of the two 
volleys might produce effects indistinguishable from true occlusion. In 
a number of experiments neither facilitation nor occlusion has been observed, 
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and it seems possible to conclude that the two groups of cells can exist 
without overlapping connexions and, if overlap does exist, it seldom is 
extensive. 

SUMMARY 

1. The inferior mesenteric ganglion of the rabbit survives for many hours 
when suspended in Locke’s solution at room temperature. 

2, Stimulation of the inferior splanchnic nerve causes the appearance in 
the ascending mesenteric nerve of a spike, conducted at 0-43 m/sec, after 
a ganglionic delay of 30 msec. 

3. The ascending mesenteric nerve contains three main fibre groups: 
a fast group conducting at 2 m/sec, a main group (0-45 m/sec) and a slow 
group (0-25 m/sec). The fast group is made up of fibres which do not form 
synapses in the ganglion. The main group is composed of postganglionic fibres. 

4, The slow group (0-25 m/sec) is composed of preganglionic fibres having 
synaptic connexions in the inferior mesenteric ganglion and causing the 
appearance of a spike in the ascending mesenteric nerve after a ganglionic 


delay of 30 msec. 

5. The two pathways through the ganglion appear to be largely separate, 
facilitation and occlusion being small. The discharge of one group of ganglion 
cells, however, causes a long-lasting depression of excitability in the other. 
The time-course of the depression follows that of the ganglionic positive 
after-potential. 

6. The cells of origin of the small preganglionic fibres in the esi 
mesenteric nerve lie in the headward distribution of the nerve. 


The expenses of this investigation were partly met by a grant from the Medical Research 
Council, 


Note added in proof. After this paper had been submitted for publication we learnt that 
C. Job and A, Lundberg of the Nobel Institute of Neurophysiology, Stockholm, had observed 
similar phenomena in the inferior mesenteric ganglion of the cat. Their paper is appearing in 
Acta physiol, scand. 1952. 
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HISTAMINE RELEASE BY HORSE SERUM FROM SKIN 
OF THE SENSITIZED DOG AND NON-SENSITIZED CAT 


By W. FELDBERG anp M. SCHACHTER 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 10 March 1952) 
The present experiments demonstrate release of histamine from perfused 


_ skin preparations by horse serum. In dogs the effect is obtained only from 


sensitized animals, whereas in cats histamine is released without previous 
sensitization. 

It has been repeatedly demonstrated that histamine is released during the 
antigen-antibody reaction of anaphylaxis, and that the same organ parti- 
cipates in different degree in different species. In dogs the liver is particularly 
involved, undergoing striking anatomical changes and releasing large amounts 
of histamine. Typical anaphylactic reactions, however, are still obtainable in 
the hepatectomized dog (Waters & Markowitz, 1940), but release of histamine 
has so far been demonstrated in this species from the liver only. 

Sera are known to produce respiratory and cardiovascular reactions in cats 
without previous sensitization. These are mainly the result of reflexes 
originating in the lungs and heart and abolished by vagus section (Brodie, 
1900; Reid & Bick, 1942; Dawes & Feldberg, 1949). The present experi- 
ments on perfused cat skin show that, in this species, horse serum has another 
significant primary action in that it releases histamine. 


METHODS 

Cats were anaesthetized with chloralose injected intravenously under ether anaesthesia which 
was then discontinued. Dogs were anaesthetized with intravenous pentobarbitone sodium. Blood 
pressure was recorded from the carotid artery. Blood samples, when required, were taken from 
the femoral artery, centrifuged, and the plasma tested for histamine. 

Sensitization. Dogs were sensitized by injections of 5 ml. horse serum; the first subcutaneously, 
the second intravenously 1-2 days later. The actual experiments were performed 2~4 weeks later. 

Skin preparations perfused with Locke solution. A piece of isolated skin from the thigh was 
perfused with oxygenated Locke solution through the saphenous artery, and the venous effluent 
collected from the saphenous vein and assayed for histamine. Thé method was that described by 
Feldberg & Paton (1951) for cats, except that the flaps were smaller. In their experiments the 
circumference of the skin of the thigh was used. In ours the skin from the back of the thigh 
was excluded because it is partly supplied by vessels from the popliteal fossa and, in addition, 
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is more firmly attached to the underlying tissue, which renders its dissection more difficult. 
Practically all dissection was done with the thermocautery. The weight of the skin flap before 
perfusion was between 3 and 7 g for cats and between 15 and 25 g for dogs. 

Preparation of dog skin with intact blood supply. Dissection of the skin was as for the perfusion 
experiments, but the femoral artery and vein were dissected so that cannulae could be tied into 
their cardiac ends distal to the branching of the saphenous vessels. The arterial cannula was filled 
with 50% (v/v) horse serum, the femoral artery being clamped between the cannula and the 
saphenous artery. During injection a clamp higher on the femoral artery prevented the entrance 
of serum into the general circulation. The clamp was then removed, permitting the injected serum 
to be washed through the flap of skin. The venous cannula had a side arm for the collection of 
blood, the main end being closed by a rubber cap. The vein was clamped between cannula and 
saphenous vein except when blood was collected.’ Clotting was prevented as follows: a hypo- 
dermic needle connected by rubber tubing to a burette filled with 0-1% (w/v) heparin was pierced 
through the rubber cap and the tip of the needle pushed to the front of the glass cannula. Heparin 
was slowly infused from the burette and allowed to flow out of the side arm. During collection 
_ of blood the clamp on the femoral vein was transferred to a point above the saphenous, thus 
permitting all blood from the skin to flow through the side arm and preventing the entrance of 
any heparin into the general circulation. 

Histamine assay. Perfusate or plasma was tested for histamine on the atropinized guinea-pig 
ileum preparation. Horse serum decreased the sensitivity of the preparation to histamine. This 
was controlled by making up the histamine test solutions in corresponding concentrations of 
serum. Cat plasma sometimes produced a slow contraction of the ileum, and in these 
accurate histamine assays were not possible. | 


RESULTS 

Experiments on dogs 

The histamine content of dog’s skin from the inner aspect of the thigh varied 
between 4 and 23-5yg/g (average of fifteen experiments, 8-3ug/g), but 
corresponding regions of the right and left hind-legs in the same dog had 
practically the same content. 
Compound 48/80. This compound, which was known to be a potent histamine 
liberator on the perfused skin of the cat (Feldberg & Paton, 1951; Paton, 
1951), was similarly effective when injected into perfused flaps of dog skin. 
Arterial injection of 0-1-0-5 mg caused the release of a large fraction of the 
skin histamine. In addition, severe oedema developed, particularly of the 
subcutaneous tissue, resulting in as much as a fivefold increase in weight. 
There was no indication of vasoconstriction after injection of 48/80 as in the 
experiments on cat skin. 
Fig. 1a illustrates the histamine output by 0-2 mg 48/80. 71 wg of histamine 
were detected in the venous effluent, 50g of which were recovered in the 
first 10 min. The centre of the perfused skin extracted at the end of the 
perfusion contained 0-9 g/g histamine. The skin had become oedematous and, 
even after pressing out the oedema fluid, weighed about 30% more than 
a corresponding non-perfused skin area from the other leg. Hence the value 
of 0-9 yg/g has to be corrected to about 1-3 ug/g before it can be compared with 
8 ug/g, the histamine content of the skin of the other leg. 
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The amounts of histamine released by small doses (5-10ug) of 48/80 
decreased with successive injections, as illustrated by the experiment of 
. 
pe histamine release by 48/80 occurred also if the skin was supplied with 
its own blood circulation and the histamine in the plasma of the venous 
blood from the skin assayed. For instance, in one experiment of this kind, 
0-5 mg 48/80 was injected into the saphenous artery. Following the injection, 


Sr | 


4 


Histamine output (yg/min) 


Time in minutes 

Fig. 1. Histamine output from perfused dog skin preparations. a, effect of arterial injection of 

200 ug of compound 48/80. 5, arterial infusion of 2% horse serum into preparation from 

sensitized dog. Note that different ordinate scales are used. 
characteristic changes occurred in the skin. Its surface became pink and 
granular and the whole isolated piece of skin was thrown into folds and 
became swollen. At the same time, the venous outflow from the preparation 
increased, and there was some indication of haemoconcentration in the venous 
blood. Before the injection no histamine was detectable in its plasma, but 
the sample collected during the first minute after the injection contained 
0-83 g/ml.; this value fell to 0-41 ng/ml. within 5 min and to 0-03 yg/ml. 
within 30 min. 

Horse serum, whether infused or injected arterially, does not release hist- 

amine from skin preparations of non-sensitized dogs. In two dogs where 
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sensitization was unsuccessful, as shown by absence of circulatory effects on 
: subsequent intravenous injection of serum into the whole animal, horse serum 
likewise failed to release histamine from the skin preparation. In successfully 

_ sensitized dogs, however, horse serum released histamine from the skin. 
When serum (0-5 ml. 50%) was given by arterial injection, the amounts of 
histamine released from the skin increased with the second injection. This was 


ost 


010 30 50 
Time in minutes 
Fig. 2. Histamine output from perfused dog skin preparations. a, effect of successive doses 
of 5 and 10 zg of compound 48/80. 0, effect of successive doses of 0-5 ml. 50% horse serum 
(H.8.) on skin preparations of another dog previously sensitized. 


TaBxEz 1. Histamine output of successive serum injections (0-5 ml. 50%) into perfused - 
dogs 


skin preparations from four sensitized 
Histamine output in pg 
No. of 
injection Expt. 1 Expt. 2 Expt. 3 Expt. 4 
1 0 1-4 2-0 9-2 
2 0-1 4-0 6-2 34-1 
3 0-7 0-8 6-2 1-6 
4 2-0 2-9 = 
Total output 5:3 6-2 17-3 44-9 
content 7 4 
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different from the effect of 48/80. This compound, even in small doses, caused 
a decreased output of histamine with the second injection. Furthermore, 
whereas with 48/80 the maximal histamine output occurs in the first 5 min 
after the injection, with horse serum it is usually delayed and occurs after the 
first 5 min. These differences are illustrated in Fig. 2. Table 1 gives the 
histamine output of successive serum injections in four experiments. In — 
Expt. 1 the first injection released no histamine, and maximal release occurred 
only with the fifth injection. In the other three experiments the maximal 
release was with the second or third injection. 


HS. 1234567 8 910 H. 


Fig. 3. Record from atropinized guinea-pig ileum in 18 ml. tyrode solution. H.S., 0-5 ml. 
2% horse serum. 1-10, 0-5 ml. effluent from perfused dog skin; 1 obtained before infusion, 
2-10 during infusion of 2% horse serum; H., 0-1 ug histamine. Same experiment as infusion 
experiment of Fig. 1. 


Infusion of horse serum (2%) was more effective than repeated injections. 
For mstance, in Expt. 2 of Table 1, the output from three successive injec- 
tions amounted to 6-2 wg histamine, but infusion of the skin preparation from 
the other leg released 10-8 yg. The time course of histamine output showed 
the same delay as with injection. This is seen from the actual histamine con- 
tractions produced by successive samples of perfusate on the guinea-pig ileum 
(Fig. 3), as well as from the graph illustrating the changes in the histamine 
output with time (Fig. 1). Fig. 3 shows the effect on the atropinized ileum of 
successive samples of perfusate from a perfused skin preparation. The outflow 
throughout the experiment varied between 2:2 and 2-5 ml./min and was 
collected in 10 min samples. Table 2 gives the histamine outputs during serum 
infusions. There was some correlation between release of histamine from skin — 
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preparations and the severity of the circulatory shock following intravenous 
injection of horse serum, in so far as animals showing little or no circulatory 
depression to intravenous serum released either no histamine or only traces 
from their skin preparations. When the perfused preparation, however, 
released substantial amounts of histamine, intravenous injection produced 
severe shock of the animal and histamine appeared in the plasma. 


TABLE 2, Histamine output from dog skin preparations infused with 2% horse serum 


in Histamine 
Output of Sensitization as tested plasma 4 min after content 
histamine by response to serum injection of skin 

Expt. (ug) intravenous serum (ug/g) (ug/g) 
1 0 No signs cai 9 
ery t r — 
4 10-0 Severe fall in arterial B.p. Recovery — 65 
5 10-8 Severe fall in arterial B.r. Recovery 0-085 — 
6 15-5 Severe fall in arterial B.P. Cessation 0-75 6-5 
of respiration. No recovery 
7 29-0 5:8 


Rocha e Silva and his co-workers (Rocha e Silva, Scroggie, Fidler & Jacques, 
1947; Rocha e Silva, Bier & Aronson, 1951) found that the release of histamine 
from dog liver and guinea-pig lungs by either antigen or anaphylatoxin is 
much greater in the presence of blood, if it has neither been defibrinated nor 
heparinized, than in the presence of saline perfusions. A similar conclusion 
has been drawn by Reid (1950) for the release of histamine from the dog liver 


by p-tubocurarine. This, however, apparently does not apply to the release — 


of histamine from the skin by antigen. Indeed, it was found that the amounts 
recovered from a skin preparation supplied with its natural circulation were 
always small, even if the dog showed severe shock on intravenous serum 
injection. For instance, in Expt. 6 of Table 2, infusion of serum (2%) to the 
_ isolated skin had released 15-5 ug histamine. An arterial injection of serum 
(2 ml. 50%) into the skin preparation of the other leg, with its natural 
circulation preserved, caused only traces of histamine to appear in the plasma 
of the venous blood from this preparation. 


Experiments on cats 

Skin preparations. Horse serum released histamine from skin preparations 
of cats not previously sensitized; this is in contrast to the absence of such an 
action in non-sensitized dogs. A typical experiment is shown in Fig. 4a in 
which 0-5 ml. 50% serum caused an output of nearly 20 ug histamine. The 
time course of the release was different from that seen when antigen was 
injected into the skin preparation of sensitized dogs, and resembled that 
obtained with 48/80, the maximal ouput being obtained during the first few 
minutes. When the histamine output ceased, a second injection still released 
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histamine, though somewhat less. For instance, in one experiment, the first 
injection of 0-5 ml. 50% horse serum released 10 yg, the second 7-4 yg 
histamine. 

The ability of serum to release histamine from perfused skin preparations 
of the cat is not a property of serum in general. It was found that neither 
serum of the cat, dog or rabbit released histamine (Fig. 4b). The serum of the 
cat tested was from the same animal whose skin was perfused. In one experi- 
ment 1 ml. of human serum was twice tested, and released 1-6 and 1-7 yg 
histamine respectively. | 
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Histamine output (g/min) 
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0 10 ww. 010 3 50 70 90 
| Time..in minutes 
Fig. 4. Histamine output from perfused skin preparations (from right and left hind-leg) of cat 
not previously sensitized. Effects of 0-5 ml. of sera from different species. a, horse serum 
(H.8.); 6, eat (C.S.), dog (D.S.) and horse (H.S.) serum. 


Horse serum, after it had been boiled, lost its ability to release histamine 
from cat skin either completely or almost completely. In addition, after an 
injection of boiled horse serum, normal horse serum no longer released 
histamine, although 48/80 retained its histamine-releasing potency. These 
findings are illustrated by the experiment of Fig. 5. The skin preparation of 
the right leg was first given 25° of horse serum (0-5 ml.) which released 
5-6 wg histamine. After an injection of 50% boiled serum (0-5 ml.), which in 
itself released no histamine, the fresh horse serum was practically inactive, 
although it was now injected in 50% concentration instead of 25%. Two yg 
of 48/80 which were injected into the skin preparation of the left leg after it 
had been subjected to boiled serum, however, were able to release 14 yg of 
histamine. This shows that the histamine release by 48/80 was not impaired, 
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because no greater release could have been expected by 2 ug 48/80 if injected 
into skin preparation without prior treatment with boiled serum. 

Whole animals. In five experiments 5 ml. horse serum per kg were injected 
intravenously into anaesthetized, vagotomized cats. In three of these the 
cats were eviscerated and in two the suprarenal glands were removed as well. 
Injection of horse serum, after an initial volume effect, caused a fall of arterial 
pressure, but within half a minute the blood pressure rose again and was 
followed by a secondary, gradual and prolonged fall. 
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Fig. 5. Histamine output from perfused skin preparations (from right and left hind-leg) of cat 
not previously sensitized. The left graph shows that boiled horse serum (B.H.S.) causes no 
histamine release and prevents that of a subsequent injection of normal horse serum (H.S.). 
The right graph shows that boiled horse serum does not prevent the release of histamine by 
& subsequent injection of compound 48/80. 


In all experiments the histamine content of the plasma increased after the 
serum injection. In two experiments it was not possible to obtain an exact 


_ assay on the guinea-pig ileum for the histamine content of the plasma, due to 


interference of a slow-contracting substance. But even in these experiments 
the increase could be shown qualitatively. In the other experiments the 
histamine increased by 10-20 times its resting level, which was about 
0-04 ng/ml. 

The maximal rise occurred only within 20-30 min after the injection. In 
one experiment the blood sample removed 5 min after the injection contained, 
in fact, less histamine in the plasma than the control blood. 
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DISCUSSION | 

The release of histamine from the perfused skin of serum sensitized dogs is in 
agreement with the observation that anaphylactic reactions can be obtained 
in hepatectomized dogs. The results further demonstrate that, in anaphylaxis 
in dogs, release of histamine is not confined to the liver but is a more general 
tissue response to the antigen-antibody reaction and thus resembles the 
findings in guinea-pigs, in which many organs participate in the anaphylactic 
histamine release (Schild, 1939). The conditions which influence this histamine 
release in dogs are different in skin and liver. The striking effect of blood 
in augmenting the release from the dog’s liver (Rocha e Silva e¢ al. 1947) 
was not observed for the skin. This difference may be related to the fact 
that the skin is exposed to injurious stimuli to which it reacts by releasing 
histamine not only from within the blood stream but more frequently from 
without. 

The amounts of histamine released from the perfused dog skin by antigen 
are less than those released by relatively small doses of 48/80, even when the 
dogs are sensitized to the extent that fatal shock occurs on intravenous 
antigen injection. The ability of antigen to release histamine in sensitized 
animals may vary in degree for different tissues and may be less in skin than 
in liver in the dog. According to Winter’s (1951) findings on anaphylaxis in 
guinea-pigs, sensitivity of the skin does not parallel that of the whole animal. 
Thus there is the possibility that conditions were not optimal for skin sensitiza- 
tion in our experiments. The fact remains, however, that there was a correla- 
tion between severity of systemic shock and histamine release from the skin 
by antigen. 

It is known that sera acquire the ability to release histamine by specific 
treatment (anaphylatoxin formation), but the finding that horse serum 
releases histamine from the skin of the cat without previous sensitization of 
the animal appears to be the first direct demonstration of the release of hist- 
amine in a non-sensitized animal by a foreign protein not previously activated. 
This finding further supports the view that the toxic reactions that follow 
primary contact with foreign sera and proteins and resemble anaphylactic 
symptoms are due to the release of histamine. For instance, it is well known 
that occasionally the first injection of serum produces violent reactions in 
humans consisting of generalized urticaria, oedema of the face, tongue and 
throat, and dyspnoea. Similar reactions occur in a percentage of first in- 
jections of certain foreign sera in horses, cattle and pigs (for references see 
Sollmann, 1948; Ratner, 1943). The signs and symptoms in these species, 
particularly the urticaria, itching, swelling of the udders and face, resemble 
those in dogs following administration of a histamine liberator (Paton & 
Schachter, 1951). 
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The regularity with which horse serum releases histamine from skin in all 
cats differs from the only occasional sensitivity reactions of other species to 
certain sera. It is possible, however, that the individual variation in the latter 
is only quantitative and could be overcome by changing the dosage or route 
of administration. 

In cats the main effects of serum usually described in anaesthetized animals 
are circulatory and respiratory effects of reflex vagal origin. These effects are 
obtained with sera from any source, whether they release histamine from the 
perfused skin of the cat or not. Some systemic circulatory effects persist after 
vagus section. These effects should differ with different sera, because histamine 
release is not a common property. The possibility of such differences has not 
been studied hitherto. 

- Comparison of the course of histamine release indicates a striking similarity 
between the primary effect of horse serum in the cat and that of 48/80. In 
both instances the maximum histamine output occurs within the first 4 min 
after injection and decreases with successive injections. A histamine release 
of an explosive nature has been suggested to explain the time course of the 


histamine output from cat skin following 48/80, and would therefore also apply _ 


to the similar time course of histamine output after horse serum. On the other 
hand, the release produced by horse serum from the skin of a sensitized dog 
is more delayed and protracted. This difference may be related to the 
problem of whether the antigen-antibody reaction causes the release of 
histamine by the formation of an intermediary histamine-—liberating substance. 
The delay may be an indication of the formation of such an intermediary 
liberator but does not prove it. A final affirmative answer can only be iia 
by direct demonstration of the appearance of such a liberator. 


SUMMARY 


1, The release of histamine from the skin of cats and dogs by horse serum 
was studied. 


2. In dogs: 

(a) Horse serum releases histamine from perfused skin preparations only of 
animals previously sensitized and responding with systemic anaphylactic 
shock to intravenous antigen. The release differs from that by compound 48/80, 
in that it is delayed and protracted and increases with the first few injections. 
The skin, however, could not be depleted by repeated injections or infusion of 
horse serum. 

(6) The amount of histamine released is not increased when the skin is 


supplied with its normal blood circulation instead of being perfused with — 


Locke solution. 
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3. In cats: 


(a) Horse serum releases histamine from perfused skin preparations of 
animals not previously sensitized. The release resembles that of ie ome 
48/80. 

(6) Dog, rabbit and cat sera do not release histamine from the skin of non- 
sensitized cats, | 

(c) Horse serum, after boiling, not only fails to release histamine from skin 
but prevents subsequent release by normal horse serum, although the response 
to compound 48/80 is unaffected. 

(d) Intravenous injection of horse serum into cats not previously sensitized 
raises the plasma histamine. 7 | 
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THE BUNSEN-ROSCOE LAW FOR THE HUMAN EYE 
AT VERY SHORT DURATIONS 


By G. 8. BRINDLEY* | 
From the Physiological Laboratory, University of Cambridge 


(Received 4 April 1952) 


Bloch’s (1885) suggestion that for short flashes of light of different duration a 
the visual effect was dependent on the product of intensity and time has been | 
confirmed by Charpentier (1887), Blondel & Rey (1911), Braunstein (1923) and 
Graham & Margaria (1935); but none of these investigators have used durations 
less than 3 x 10~* sec, or measured the visual effect other than at threshold. 
The surprisingly low apparent brightness compared with the large photo- 
graphic effect of flashes of a few microseconds’ duration produced by dis- 
charging a condenser through an argon or krypton tube has recently led to 
suggestions that Bloch’s application of the Bunsen-Roscoe law to the eye may 
not be valid at these very short durations. 

In the present experiments the time-intensity relation for equal sensation 
from a pair of flashes was investigated, using durations from 1-54 x 10- to © 
4-11 x 10-7 sec 


METHOD 

The apparatus used is shown in Fig. 1. A and B were 6 V 18 A ribbon filament lamps. Light 
from A passed through a stop C 6 mm in width, i.e. nearly as wide as the horizontal ribbon filament. 
The lens system D formed an image of C in the plane of H, the light being reflected by the prisms 
E, F and @. Light from B illuminated an adjustable slit K, an image of which was formed by 
L also in the plane of H. H was a vertical slit 0-4 mm in width. Behind it was the observer's eye, 
in front of it the small right-angled prism M, held with its hypotenuse face horizontal between 
four stretched rubber cords, so that it was free to vibrate about a transverse horizontal axis. 

The prism @, whose hypotenuse face was loosely covered with black cloth to eliminate a surface 
reflexion, was mounted on the vertical axle of an electric motor. When it revolved, the images of 
C and K were swung past the slit H at a speed 4m x 2-32 m per time of one revolution. When @ 
was rapidly revolving and M stationary, the observer behind H saw two apparently steady 
rectangular fields side by side, images in G of parts of the lenses L and D in Maxwellian illumina- 


surface reflexions in the two short faces of G, appeared to the left of and just overlapping the 
principal ones. When M was caused to vibrate the fields became spread out into a vertical series 
of repetitions, with the false fields lying between the principal ones. By increasing the amplitude 
of vibration, even 75 repetitions per second could easily be separated from each other in the middle 
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of the series where the angular velocity of M was greatest, the majority being crowded together 
out of sight at the upper and lower ends of the series. 
The neutral wedge and filters were of colloidal carbon in gelatin. Their densities at 560 my were 


taken as representing those for the white light used. At no wave-length between 480 and 640 mu 


did they depart from these values by more than 2:8%, and departures were about equally positive 
and negative, so that the errors introduced by the assumption should not exceed 1%, 

confirmed on two other subjects. 


aN 


<> 

t 

i 

1 


ded 
_ Side view of M | i! 
M 
Pobserver 
Fig. 1. Diagram of apparatus. 
RESULTS 
Durations down to 3-28 x 10-8 sec 


The slits K and C (Fig. 1) were adjusted so that their images in the plane of 
H were 7-2 and 90-0 mm in width respectively. To verify the uniformity of the 
images and measure the relative brightnesses of the fields due to them, the 
positions of F and G were adjusted with G@ stationary so that various parts of 
the two images fell simultaneously on H, and for each pair of regions of the 
images, the two fields seen by an eye behind H were matched by altering the 
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neutral filters and wedge. The two images were found to be very nearly 
uniform. 

@ was then rotated and M vibrated, and members of the series of pairs of 
fields which were seen from behind H matched by adjusting the filters and 
wedge. Judgements were based on those flashes which were seen foveally, but 
when a match was established for foveal single flashes, it was always found to 
hold also for flashes in the peripheral visual field, and also for the flickering 
or quasi-continuous fields produced by rotating @ without vibrating M, 
viewed either foveally or peripherally. 


From the changes in density of filters and wedge from the mean value for — 


equal brightness when the images were stationary, the ratio of intensities of 
the two flashes was calculated. The ratio of their durations was that of the 
widths of the images, and was thus independent of the angular velocity of G, 
which was measured stroboscopically with a neon lamp run from the 50 c/s 
mains. The results for the author as subject are shown in Table 1, each value 


TaBxz 1. Log ratio of quantities of light in pairs of flashes that matched 


Tev/sec t, (sec) flash (photons) 
2 1-23 x 10-* 1-54 x 10-* 6 x 10° 
6 x 104 0-00 
6 x 108 +0-01 
12-5 1-97 x 10-5 2-46 x 10-* 6 x 10° +0-04 
6 x +0-02 
75 10-* 4-11 x 10-5 6 x 10° +0-03 


I, and J, are the intensities and ¢, and t, the durations of the two flashes. _ 

effective area of 2 mm*. | 
of loge Fo 2 being the mean of five determinations. Both the scatter and the 
mean fh are within experimental error of zero: the root mean square 
deviation of single determinations of log 7 from the means of the groups of 
5 was 0-036, which is in accord with son scatter between different intensities 


and durations. The mean value of logy, I for all durations of + 0-02 + 0-0058 


would differ significantly from zero if only matching errors were involved. 
But all values are alike affected by the uncertainties in the filter densities 
(up to 0-01), in the ratio of widths of the two images (up to 0-01) and in the 
uniformity of brightness of the images (up to 0-015 for the smaller image), so 
that +0-02 comes within the range of experimental error, that is to say, no 
departure from the Bunsen-Roscoe law is demonstrated. 
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Extension to shorter durations 

The slit K could be narrowed until its image at H was only 0-5 mm in width, 
giving at 75 rev/sec flashes‘of total duration only 4-11 x 10-’ sec, but at this 
size neither the width nor the mean intensity of the image could be measured 
accurately. Use was therefore made of the law established for longer durations. 
With the two images set at 0-5 and 90 mm in width, a match was made for 
single flashes, while @ rotated twice per sec. Both flashes were then within 
the range of durations at which the Bunsen-Roscoe law had already been 
found to hold, so that the quantities of light in the two flashes must have been 


equal. On speeding up the motor, the match was found still to hold at all 


speeds up to the maximum obtainable, 75 rev/sec. Hence, since the speeding is 
proportional for all parts of both flashes, the same law holds for durations 
down to 4:1 x 10-7 sec 


Extension to higher intensities 


A tungsten filament lamp with a variable pendulum shutter and a krypton 
discharge tube giving flashes of total duration about 10-* sec were set behind 


two holes 10mm in diameter and 20mm apart in an opaque screen and 


viewed from a distance of 1 m. The colour difference between the lamps was 
balanced by means of Ilford dilute complementary filters, and the duration of 
the longer flash adjusted until the two flashes appeared the same. This matching 
was then repeated with a colloidal carbon neutral filter of density 4-0 in front 
of the eye. The durations of the longer flash required for a match were 
8-6 x 10-* + 1-2 x 10 (s.£. of mean of six observations) at the higher intensity 
and 8-9 x 10-* + 2-6 x 10 sec (6) at the lower, i.e. not significantly different. 
The intensities of retinal illumination with the filter in place were about 30 and 
3 x 10* photons for the two flashes, i.e. within the range of intensities at which 
the Bunsen-Roscoe law has been shown to hold. The identity of sensation from 
the same two flashes multiplied by 10‘ in intensity thus demonstrates that the 
law holds also for flashes of peak intensity about 3 x 10° photons. 


The dark-adapted field 
A match established for the light-adapted fovea between flashes of. 4-11x10- 
and 4-11 x 10-’ sec duration, the brighter of intensity 6-6 x 10° photons, was 
examined after an hour’s dark adaptation with a neutral filter of density 1-03 
added behind H using the 5° peripheral field. The match was found still to 
hold, but the precision of matching was so poor that either field had to be 
doubled in brightness before a difference was noticed. 
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SUMMARY 
1, The product of intensity and time was found to be equal in flashes giving 
a sensation of equal brightness for durations from 1-54 x 10-* to 4-11 x 10-7 sec, 
and for intensities of the brighter flash up to about 3 x 10® photons (trolands). 
2. Flashes within this range of duration which appeared of equal brightness 
to the light-adapted fovea appeared equal also to the light-adapted and dark- 
adapted periphery. 


I am indebted to Dr E, N. Willmer and Dr R. H. J. Brown for the loan of apparatus. 
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RENAL VASOCONSTRICTION PRODUCED BY ETHER 
AND CYCLOPROPANE ANAESTHESIA 


By B. E. MILES anp H. E. pp WARDENER 


From the Department of Medicine, St Thomas's —. 
Medical School, London 


(Received 24 April 1952) 


In man and animals, ether and cyclopropane anaesthesia bring about sub- 
stantial renal vasoconstriction. Opinion differs as to whether its cause is 
‘nervous, humoral or the local action of the anaesthetic. The following 
investigation attempts to decide this point. 

The method used was identical in principle with that employed by Richards 
& Plant (1922). Single kidneys of anaesthetized dogs were perfused at a 
controlled rate and the changes in perfusion pressure induced by ether or 
cyclopropane were recorded. 


METHODS 


Sixteen 5-16 kg mongrel dogs were anaesthetized with pentobarbitone sodium (23-38 mg/kg) and 
a constant level of anaesthesia maintained by continuous intravenous infusion (0-04 mg/kg/min). 
_ After intubation, 100% oxygen was given in closed circuit with a carbon dioxide absorber. 
One or other renal artery was cannulated through a flank incision, care being taken as far as was 
possible to avoid damage to the renal nerves which could be seen along the surface of the artery. 
The blood for perfusion was led into the flow-meter and pump from a cannula in the left carotid 
artery. Heparin (30-40 mg) was given before cannulation. 

When the kidney was denervated, ‘all structures seen approaching the hilus, other than the 
artery, vein and ureter, were severed. Completeness of denervation was confirmed by the absence 
of prompt renal vasoconstriction during a rapid bleed of 100 ml. of blood from the carotid artery 
into the reservoir, the blood being immediately retransfused. In two dogs, so that denervation 
should be unequivocal, the perfused kidney was removed from the body and placed in saline at 
a thermostatically controlled temperature of 38-5° C. In these experiments on the isolated kidney 
@ cannula was placed in the renal vein, and the blood returned from the kidney to the general 
circulation via another cannula in the left jugular vein. Plastic Portex tubing was used throughout 
and the circuit was charged with 140 ml. of a 6% solution in normal saline of Dextran (Intradex, 
Crooke’s Laboratories). 

The flow-meter has been described previously (de Wardener & Miles, 1952). The pump, 
however, was a new adaptation in which the motor, piston and platform of the standard Dale 
Schuster pump were used (Fig. 1). At each stroke its piston was made to compress a short length 
of rubber tubing, thus forcing a quantity of blood past an outlet valve in the direction of the 
kidney; an inlet valve prevented flow in the reverse direction. Rubber flap valves were used. 
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Crude variation of the stroke output could be made by altering the position of the metal plate 
against which the piston compressed the rubber tubing, and fine variation by altering the stroke 
length with the usual Dale Schuster screw adjustment. The pump was capable of delivering at 
least 400 ml. of blood per min at a pressure of over 300 mm Hg. It had a capacity of only 6 ml. 
and was simple to clean. The pulse pressure was suitably modified by an air-containing ‘pulse 
cushion’ distal to the pump. Brachial and perfusion pressures were recorded on a smoked drum 
by mercury manometers, | 


Fig. 1. Diagram of pump. 


Procedure 

During the administration of ether and cyclopropane and for some minutes before and after, 
the rate and stroke of the pump were not adjusted. In these circumstances changes in perfusion 
pressure reflected changes in renal resistance. The effect of ether and cyclopropane on the renal 
resistance was studied in two ways: (i) their central action when inhaled on (a) the innervated and 
(6) the denervated kidney ; and (ii) their local action on the innervated kidney when given directly 
into the perfusing blood. 

Inhaled ether was administered by allowing the oxygen entering the closed circuit to bubble 
through ether for 3-9 min. Inhaled cyclopropane was given in a 50% mixture with oxygen for 
2-4 min except in one case when a 25% mixture in oxygen was given for 9 min. Ether was given 
locally by injecting a saturated solution in saline into the tubing between the flow-meter and pump. 
The rate of injection was calculated to give a concentration of 100-150 mg of ether per 100 ml. 
of blood for 30 sec. A similar volume of saline given at the same rate for the same time was used 
as a control. Cyclopropane was given locally by bubbling it through the blood in the flow-meter 
reservoir; the concentration of cyclopropane thus produced in the perfusing blood was unknown. 


RESULTS 
The effect on the perfusion pressure of ether and cyclopropane 
. given by inhalation 

On the innervated kidney the inhalation of ether and cyclopropane was 
associated with a pronounced and sustained rise in perfusion pressure (Figs. 2a 
and 3a). (Ether: 16 experiments in 8 dogs; cyclopropane: 7 experiments in 
4 dogs.) This effect was not consistently related to changes in ventilation or 
systemic blood pressure. 
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On the denervated kidney the inhalation of ether was associated with a fall 
in ion pressure (Fig. 2b) (9 experiments in 5 dogs). The inhalation of 
cyclopropane was associated either with no change in perfusion pressure 


b 

Fig. 2. Dog, 3, 14 kg. Pentobarbitone sodium. The upper tracing shows the renal perfusion 
pressure and the lower the systemic pressure. Ether was administered by inhalation 
between arrows |} (a) before denervation, (5) after denervation. Base-line renal blood flows 
(a) 120 ml./min, (6) 110 ml./min. The major swings in the systemic pressure are due to 
respiration. Time in 30 sec intervals. 


(Fig. 36) (3 experiments in 2 dogs) or a small transient rise with a return to 
control levels or below, whilst the cyclopropane administration was continued 
ri by/ (9 experiments in 3 dogs, in two of which the kidney was completely 
isolated). 3 
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The effect on the perfusion pressure of ether and cyclopropane given divectly 
into the renal arterial blood of the perfused innervated kidney 
Ether. A rapid fall in perfusion pressure followed the local administration 
of ether (Fig. 5) (12 experiments in 4 dogs). 
Cyclopropane. The local administration of cyclopropane produced no dikens 
in the perfusion pressure (4 experiments in 2 dogs). 


a b 
Fig. 3. Dog, g, 12 kg. Pentobarbitone sodium. The upper tracing shows the renal perfusion 
pressure and the lower the systemic pressure. 50 % cyclopropane was administered by inhala- 
tion between arrows |} (a) before denervation, (b) after denervation. Base-line renal blood 
flows (a) 190 ml./min, (6) 230 ml./min. The major swings in the systemic pressure are due to 
respiration. Time in 30 sec intervals. 


Fig. 4. Fig. 5. 

Fig. 4. Dog, 9, 14kg. Pentobarbitone sodium. Isolated kidney. The upper tracing shows the 
renal perfusion pressure and the lower the systemic pressure. 50% cyclopropane was given 
between arrows |}. Base-line renal blood flow 170 ml./min. The major swings in the systemic 
pressure are due to respiration. Time in 30 sec intervals. 

Fig. 5. Dog, 9, 13 kg. Pentobarbitone sodium. The upper tracing shows the renal perfusion 
pressure and the lower the systemic pressure. Two ml. of saline were injected into the renal 
arterial blood between arrows {+ and 2 ml. of saline saturated with ether were injected 
between arrows ||. Base-line renal blood flow 130 ml./min. The major swings in the systemic 
pressure are due to respiration. Time in 30 sec intervals. 
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DISCUSSION 

These results show that though vasoconstriction occurred in the innervated 
kidney when ether or cyclopropane were inhaled, a sustained vasoconstriction 
was not observed after denervation. This is consonant with the finding of 
Bayliss & Brown (1940) that, in decerebrate dogs with denervated kidneys, 
inhaled ether did not affect the creatinine clearance. We conclude that the 
renal vasoconstriction brought about by inhalation of ether and cyclopropane 
is neurogenic. | 

It is considered that the vasodilatation found in the denervated organ 
_ following inhalation of ether is probably due to the demonstrated local action 
of ether when introduced directly into the perfusing blood. 


SUMMARY 

1. Single kidneys of sixteen dogs anaesthetized with pentobarbitone sodium 
were perfused im situ by a constant output pump so that changes in renal 
resistance were reflected by changes in perfusion pressure. 

_ 2. Ether and cyclopropane given by inhalation both produced a pronounced 

sustained renal vasoconstriction. 

3. After renal denervation, inhaled ether caused renal vasodilatation and 
cyclopropane caused either no change or a small transient vasoconstriction. 

4. Ether in the perfusing blood caused renal isodEatanon:; cyclopropane 
had no local effect. 

5. It is concluded that the renal vasoconstriction brought about by 
inhalation of ether or cyclopropane i is neurogenic. 


Mr R. Schofield designed the modification of the pump and made the diagram. It was con- 
structed by Mr M. G. Ventom. We are also grateful to them and to Miss P. J. Crozier for technical 
assistance. 
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CHARLES SCOTT SHERRINGTON, 
O.M., G.B.E., F.R.S. 

In 1926 the Journal of Physiology, which had been edited and owned by J. N. 
Langley, passed at his death into the hands of the Physiological Society. An 
Editorial Board of four was appointed with Sir C. 8. Sherrington as its Chair- 
man. He remained Chairman until he retired from his Professorship at Oxford 
in 1935. Much has been written to commemorate our friend, but it is fitting 
that the Journal should add a brief tribute to a famous man who once helped 
to guide its policy. 

Charles Scott Sherrington was born on 27 November 1857, and died at 
Kastbourne on 5 March 1952 in his ninety-fifth year. He was an undergraduate 
at Caius College, began his scientific work at Cambridge, and then moved to 
London, Liverpool and finally to Oxford, where he held the Waynflete Chair 
from 1913 to 1935. The work he did as a scientist has given us a new under- 
standing of the nervous system, and afterwards in his retirement he drew 
a picture of the natural world which shows his wisdom as well as his science. 
He had perhaps too much of both to write great poems, but there are many 
passages with the authentic ring in the small volume which he ceaueraaa in 
1925 and presented with delightful diffidence to a few friends. 

A full account of his career would need a catalogue of the scientific papers 
he wrote, the offices he held and all the distinctions which were conferred on 
him. It would fill many pages, for he had risen to the front rank by the end of 
the nineteenth century, and the fifty years which he spent in the laboratory 
were the years in which Physiology grew to its full status. When he began in 
1885 it was scarcely established in the English-speaking world, and when he 
resigned his chair in 1935 the Journal of Physiology had reached its 84th 
volume, and many new journals had come into existence to cover all the 
branches of the parent stem. _ 

Throughout this period Sherrington was continually at work on the 
physiology of the central nervous system. Between 1890 and 1900 he had 
established the existence and the function of the afferent nerve fibres in the 
muscles, he had described the state of decerebrate rigidity and had begun his 
analysis of the spinal reflexes. In 1904 he delivered the Silliman Lectures at 
Yale University, and two years later he published them in the volume which 
is now one of the classical texts of Physiology. He called it The Integrative 
_ Action of the Nervous System. In it he developed the new conceptions which 
are now the accepted framework for any description of nervous activity. If he 
had done no more he would still have been the leader of neurological thought, 
but in fact he was not half way through his career: his retirement came thirty 
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years later, and in those years he had been able to give his analysis a new 
precision. His work on the Cerebrum was published in 1917 and he followed 
it at Oxford by the detailed study of the stretch reflex and of the excitation 
and inhibition of the motor units. His account of the reflex arc needed no 
revision, but the arc could now be thought of in terms of its constituent 
elements. 

His scientific papers make a formidable list, but those who know him only 
through them and the ‘Integrative Action’ would be quite mistaken if they 
thought of him as preoccupied with his own researches. Certainly he did so 
much in the laboratory that it is hard to see how he managed to leave it, but 
the work he did elsewhere was remarkable too. He had the infinite capacity 
for taking pains and was ready to take them in the general interest. He 
influenced the whole development of Physiology, as a teacher, an examiner 
and later as an eminent figure in the scientific world. At Liverpool he 
organized the class for mammalian experiments which has become the model 
for every physiological department, he was a member of the Medical Research 
Council, Chairman of the Industrial Fatigue Research Board, and he held the 
office of President of the Royal Society between the two great physicists, 
J. J. Thomson and Rutherford. 

Though there was never any sign of it, Sherrington may have grumbled to 
himself when he was asked to assume such offices, but he was so fundamentally 
modest that if he refused it was because he distrusted his capacity and not 
because he thought of his own interests. Yet his interests were very wide. No 
one can read his poems without realizing the pleasure he had in the country- 
side, in friends old and young, and in old books and their writers and the world 
they lived in. And he was well read, even by Victorian standards, and had 
a knowledge of classical and medieval thought unusual even in an Oxford 
Common Room. 

His appointment as Chairman of the Editorial Board of the Journal touched 
on several interests. One was his interest in libraries and in the technique by 
which knowledge is stored and made available. This was soon manifest in the 
Journal, for his first thought was that it needed a better key to the material 
in it. A complete index volume had not been issued since 1901: an early 
project of the new Board was to issue a new Author Index prepared by 
Mrs Melville, who acted as Secretary, and to follow this with a Subject Index 
as soon as it could be made ready. Sherrington’s colleague, Dr J. G. Priestley, 
started work on the Subject index and in their discussions he and Sherrington 
agreed that future indexing would be helped if each paper bore the appropriate 
numbers defining its contents according to the scheme used by the Science 
Library at South Kensington. This was the system of decimal numbers 
adopted by the International Committee for cataloguing every department of 
knowledge. Sherrington and Priestley became enthusiastic advocates of the 
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system. They made a special journey to the Continent to study it, and by 1929 


the International Decimal Catalogue numbers were placed beside the titles of 


all the papers in the Journal and issued as a separate index with each number. 
Difficulties in assigning the numbers and doubts as to the general acceptance 
of the scheme led the Journal to discontinue its use in 1951, but there are 
forty-five volumes with the papers catalogued on the decimal system. Whether 


the numbers will be used for future indexing or not, they were a step towards ~ 


international understanding. Sherrington believed in them and none of his 
fellow editors would have wished to challenge his faith. 

The other change upon which he insisted was in the rearrangement of the 
cover of the Journal. He had no quarrel with its traditional salmon pink 
colour, but he thought the lettering unimpressive and poorly spaced. His 
fondness for books and good printing gave him a high standard and it was 
some time before he was satisfied with the new cover. The early minutes of 
the Editorial Board have many references to the specimens which were set up 
by the Press and judged unworthy. 

As an editor Sherrington had decided views, but was too benevolent and 
courteous to insist that they: should always be followed, He had none of 
Langley’s sternness in pruning all redundancies and insisting that the facts 
must speak for themselves with a minimum of discussion by the author. His 
own papers were always written in pregnant, intricate sentences with sudden 
inversions or flashes of imagery to drive home his meaning. Though his unusual 
style of writing came naturally to him, his papers are anything but discursive 
or slipshod and he must always have taken great pains in their composition. 
But he had relatively few papers to deal with as referee, for the authors of 
papers on the central nervous system had been encouraged by Langley to 
publish elsewhere, at all event if their papers were lengthy or had much 
anatomical detail. Sherrington himself had published regularly in the Journal. 
He may have been more at ease when he wrote for the Proceedings of the Royal 
Society, but he respected Langley’s remarkable power of improving a paper 
by reducing it to half its length. 


Langley had given the same careful scrutiny to every paper submitted for — 


publication in the Journal. With four editors instead of one there was bound 
to be some lightening of control. There was less condensation and rewriting, 
and more reliance on the opinion of referees. Sherrington concurred in 
this inevitable change to a less personal direction. He was always ready 
to help an author state his case, but he did not feel that it could always be 
improved by compression. In his own papers he sometimes allowed himself 
to speculate and did not insist-that other writers should not be allowed to 
copy him. 

The Journal has been guided by three remarkable men, Michael Foster, who 


helped to establish the science of Physiology in England, Langley, who taught 
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many of us how to write our papers, and Sherrington, who succeeded him 
when the science was reaching maturity. Though his responsibilities as editor 
were shared, his'name on the title pages of twenty-three volumes is a reminder 
of one of the ways in which he helped its growth. To those who knew him it 
will be a reminder of much more personal things, of the small, trim figure with 
the sudden engaging smile, of the Chairman who could enliven the. Board 
with reminiscences of physiology in the nineteenth century, who had been 
honoured by universities and learned societies without number but showed no 
sign of advancing years or of the least awareness of his eminence. He was 
a true liberal, as scientist, poet and philosopher and as editor of the Journal 
of Physiology, and he was eminent not only for his works but because of the 
place he held in the love of every colleague. , 


EK. D. ADRIAN 
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LOSS OF CELLULAR POTASSIUM AS'A CAUSE OF 
INTESTINAL PARALYSIS IN DOGS | 


By D, H. P. STREETEN* ann E. M. VAUGHAN WILLIAMS} 
From the Department of Pharmacology, University of Oxford 


(Received 18 September 1951) 


The work to be described was done with the object of obtaining evidence to 
support or oppose the hypothesis that abnormalities in the concentrations of 
plasma electrolytes contribute to the development of paralytic ileus in man. 
This condition is characterized by abdominal distension, vomiting, intestinal 
‘silence’ and failure to pass stools or flatus. It commonly commences 3 or 


-- more days after an operation, but can occur in unoperated patients. Its cause 


is unknown. | 
Many attempts have been made to reproduce the condition experimentally 
in animals, but without success. Cannon & Murphy (1906, 1907) found the 


passage of a barium meal in dogs to be more retarded after rough handling of — 


the intestine or crushing the testicles under ether, than after ether alone. 
Although the authors referred to the depression of motility as an ileus, it 


probably bore little relation to the human syndrome which is a late sequela of _ 


operation, for its onset was immediate and could be prevented by splanchnic 
section. Owings, McIntosh, Stone & Weinberg (1928) observed, in dogs with 
generalized peritonitis following experimental obstruction, that contractions 


of the bowel continued almost until death. Zimmerman, Frank & Necheles — 


(1936) were unable to paralyse the intestine in dogs, and succeeded in reducing 
motility only slightly, by the intraperitoneal injection of bacterial cultures, 
faecal material and other toxic substances. 

Levy & Nora (1935, 1946), showed that the plasma chloride concentration 
was low in patients with paralytic ileus. Sanchez-Vegas & Collins (1946) found 
that the prolongation in the emptying time of the stomachs of duodenal ulcer 
patients could often be corrected or reduced by a course of medical treatment 
which included the intravenous administration of saline. This implied that the 
delay in emptying was not due solely to a pyloric stenosis, but in part at least 
to a reduced motility of the stomach. All the patients were originally salt- 


* Nuffield Demonstrator in Pharmacology, Oxford University. 
+ Schorstein Research Fellow in Medical Science, Oxford University. 
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deficient, and the improvement in their gastric function was associated with 
the reappearance of chloride in the urine. One of us (Streeten, 1950) observed 
in several cases of paralytic ileus that recovery coincided with a sudden rise 
in urinary chloride concentration after intravenous saline. McCance (1945) 
found that, in experimentally salt-depleted subjects, diuresis after water- 
drinking was much delayed, and Marriott (1947) suggested that this was due 
not to any renal dysfunction, but to a failure of water absorption consequent 
upon a gastro-intestinal atonia produced by the salt deficiency. 

Evidence of chloride deficiency in paralytic ileus cannot, of course, be taken 
to imply that the lack of Cl ions is itself responsible for the paralysis, since 
the Cl deficiency could be merely a consequence of vomiting or of other ionic 
abnormalities, which, in turn, might be unrelated to the paralysis but secondary 
to some other more fundamental pathology. For the same reasons it is impos- 
sible to estimate the extent to which evidence obtained from in vitro experi- 
ments is relevant. Studies of the effects of variations in the ionic environment 
upon the intestine in vitro (Magee & Reid, 1927; Sollmann, van Oettingen & 
Ishikawa 1928a, 6; Whitehead, 1929) have been in general agreement that 
excess of Ca or deficiency of K increased the tone and quickened the rate of 
contractions; that lack of Ca reduced the tone and slowed the rate of con- 
tractions; and that excess of K had no effect on tone but decreased both the 
rate and amplitude of contractions. Magee & Reid showed also that (changes 
in osmotic pressure being avoided by the addition of appropriate amounts of 
sucrose) lowering the concentration of NaCl below 0-6%, though having little 
effect upon the frequency of the contractions, reduced their size and ultimately 
almost abolished them. These results were confirmed (Streeten, 1950) on rabbit 
gut; guinea-pig and human intestine were found to be even more sensitive to 
a reduction of NaCl in the medium, and could be paralysed by their immersion 
in a solution with the same electrolyte composition as the plasma in a typical 
case of paralytic ileus. 

Darrow (1960), commenting upon the similarities between the clinical 
pictures presented by cases of K deficiency and of paralytic ileus, suggested 
that the paralysis might be caused by a low plasma K. Webster, Henrikson & 
Currie (1950) found that a diet deficient in K led to a condition resembling 
paralytic ileus in rats and to a reduction in the strength and frequency of 
contractions of the bowel in dogs. 

Thus, although there is evidence that abnormalities i in plasma electrolyte 
concentrations are associated with intestinal dysfunction, a causal connexion 
has been suggested but not established, and, among the suggestions, opinions 
have differed as to which of the ionic disturbances is the most im portant. 
Recently a new method was developed of measuring quantitatively the amount 
of propulsive work done by intestinal loops in conscious dogs (Vaughan Williams 
& Streeten, 1950; Streeten & Vaughan Williams, 1951; Vaughan Williams, 


| 
+ 
i 
7 
| 
iG 
+ 
ins 
et 
4; 


Se — 


POTASSIUM LOSS AND INTESTINAL PARALYSIS 151 


1951). The object of the present work was to determine, by means of this 
method: first, whether a reduction or abolition of intestinal propulsion could 
be brought about solely by the removal of sodium chloride; secondly, if it 
could, to discover which of the many other changes secondarily produced by 
the salt deficiency were importantly associated with the paralysis. 


METHODS 
Measurement of intestinal propulsion : 

The method has already been described in detail in the papers quoted. Briefly, an operation was 
performed whereby a cannula was sewn into each end of a short segment of intestine which, with 
its pedicle of nerves and blood vessels intact, was left lying in the abdominal cavity, the continuity 
of the remainder of the gut being restored by anastomosis. The open ends of the two cannulae 
were exteriorized through separate stab incisions and gave permanent access to the oral and 
aboral ends of the loop. After the dog’s recovery from the operation, an apparatus which permitted 
the introduction of Tyrode solution under controlled conditions of temperature and pressure into 
the oral end of the loop, could be attached by water-tight joints to the two cannulae. The contrac- 
tions of the loop then transported the fluid and expelled it from the aboral end into an outflow 
recorder. Experiments were commenced in the mornings after the dogs had been deprived of food 
for at least 15 hr, a period much longer than the duration of any reflex effects of feeding (Gregory, 
1950). The records obtained and their interpretation are explained under ‘ Results’. 


Withdrawal of sodiwm chloride 

It was decided to employ a method similar to that described by Schechter, Cary, Carpentieri & 
Darrow (1933), since this has been used subsequently by other authors and its effects are well 
known (Parkins, Taylor & Swingle, 1935; Darrow & Yannet, 1935; Swingle, Parkins & Taylor, . 
1936; Harrop, 1936; Darrow & Yannet, 1936; Gaunt, Remington & Schweizer, 1937; Muntwyler, 
Mellors & Mautz, 1940; Yannet & Darrow, 1940; Mellors, Muntwyler & Mautz, 1942; Danowski, 
Winkler & Elkington, 1946; Elkington, Danowski & Winkler, 1946). A solution was prepared 
containing 45 g dextrose, 0-20 g KCI, 0-20 g CaCl,, 0-01 g MgCl, and 0-05 g NaH,PO, per 1. It 
was boiled and cooled immediately before use. The solution was similar to Tyrode solution, except 
that the NaCl and NaHCO, were replaced by 4-5% dextrose. Up to 100 ml./kg of this solution was 
run into the peritoneal cavity through a needle introduced under local anaesthesia. The injected 


‘fluid caused sodium and chloride ions to diffuse into the peritoneal cavity from the blood, dextrose 


passing in return from the peritoneal fluid to the blood. The originators of the method established 
that the concentration of the electrolyte constituents of the peritoneal fluid reached equilibrium 
with those in the plasma after 2}—4 hr, and their results for Cl have been confirmed by our own 
experiments (see Fig. 1). The peritoneal fluid was withdrawn 2-4 hr after the infusion, resulting in 
the loss to the dog of a considerable amount of salt. The actual losses ranged from 2-4 to 7-0 g 
chloride, and 0-9 to 3-5 g Na. On subsequent days further quantities of fluid were infused and 
withdrawn, until the plasma Cl concentration had been reduced to the level required. 

Records of propulsive motility were made at intervals for many days before the first infusion, 
for an hour before each infusion, for an hour after the paracentesis and at intervals afterwards. 
On several occasions the recording was continued both while the fluid was being run in and while 
it was being removed. 


Estimation of haematological and blood electrolyte changes 
Blood samples were obtained from a leg vein on the day before the experiment started, a few 
minutes before cach infusion was given and at suitable intervals after the removal of the peritoneal 
fluid. Coagulation was prevented with heparin, approximately 2 mg/5 ml. blood. The blood 
specimens used for the determination of plasma Cl concentrations were collected under liquid 
paraffin, All estimations were done in duplicate. | 
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Chloride concentrations in plasma and peritoneal fluid were estimated by the method of Sendroy 
(1937), as modified by Van Slyke & Hiller (1947) using 0-04 ml. samples, The standard deviation 
of the mean of nine estimations on a control blood sample done with this method was found to be 
4-7 mg/100 ml. 

Sodium and potassium concentrations in plasma and peritoneal fluid were determined with a 
flame photometer constructed by Dr L. Leyton. For the Na estimations, distilled water was used 
as the diluent, but for the determinations of K concentration, the samples of plasma and peritoneal 
fluid were diluted with NaCl solution containing 330 mg Na/100 ml., as recommended by Hald 
(1947). In the early stages of the investigation, when gelatine filters were employed, known © 
increments of Na and K added to plasma could be estimated with an error of +5%; later, by 
using interference filters, greater accuracy was achieved. 
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Fig. 1. The rate at which equilibrium is established between Cl concentrations in plasma and 
peritoneal fluid. Samples of peritoneal fluid were withdrawn at intervals and their chloride 
concentrations determined. Ordinates: squares, chloride concentration in plasma; circles, 
chloride concentration in peritoneal fluid. Abscissae: time from commencement of infusion. 

Haemoglobin concentration (Hb) was measured with an M.R.C. circular grey wedge haemo- 
globinometer (King, Wootton, Donaldson, Sisson & Macfarlane, 1948). The standard deviation 
of 64 Hb estimations on 16 dilutions of a specimen of blood was 1-14%, and the coefficient of 

variation was 1:32%. 


Haematocrit readings were made by spinning blood in Wintrobe tubes at 3000 r.p.m. for 30 min 
(Wintrobe, 1946). 


Eosinophil counts in the blood were made by the method of Randolph (1944). 
Oxygen content. Arterial samples were obtained from a carotid loop in one dog and from a 
cannulated femoral artery in an acute experiment on another. Their oxygen content was deter- 


mined by the manometric method of Van Slyke (Peters & Van Slyke, 1932), the maximum 
difference between duplicate estimations being 0-8 ml./100 ml. 
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RESULTS 


For a detailed description of the mode of operation of the apparatus and for 


uninterrupted tracings the reader is referred to the papers already quoted. 
To display the present evidence economically short segments of tracing have 
been selected from longer records which were similar to the excerpts; the 


Fig. 2. Record of normal activity of jejunal loop. A: 1, contractions at oral end; 2, inflow record; 
3, contractions at aboral end; 4, outflow record (calibrated in ml.). Time in min. The pro- 
gressive downward trend of the 2nd tracing indicates that more fluid was running into than 
out of the loop, i.e. absorption was greater than secretion. At 10, sufficient water (10 ml.) 
was added to the inflow recording system to prevent an overlap between the 2nd and 3rd 
tracings. B: shows the absence of any upward or downward trend in the inflow record 
(upper tracing) when the apparatus was connected to a rubber tube instead of to the Thiry- 
Vella loop. The inflow recorder was tested for artifacts in this way after each experiment. 


complete evidence has, however, been presented graphically and in tables. The 
normal activity of a jejunal loop is depicted in Fig. 2. The uppermost tracing 
recorded the amplitude of the contractions of the oral end of the loop, and the 
second recorded the entry of fluid (Tyrode) into it from a reservoir, each down- 
ward movement of the lever representing the entry of fluid. Similarly, the 
third and fourth tracings recorded respectively the contractions of the aboral 
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end of the loop, and the rate at which fluid was expelled from it. Hach upward 
movement of the fourth lever represented the expulsion of fluid; when the 
tracing was horizontal, no fluid was being expelled. The straight vertical 
strokes in records 4 and 2, respectively, indicated the discharge, by a relay 
mechanism, of 10 ml. of fluid from the outflow recorder, and the simultaneous 
resetting of the inflow recorder by an equal volume of air. 

From a comparison of the rate at which fluid entered and left the loop its 
state of contraction or dilatation as a whole, i.e. the ‘tone’, could be calculated. 
In addition to rapid changes which indicated alterations in the internal volume 
of the loop, there was a slow and steady fall in the lever of recorder 2, showing 
that more fluid was entering the loop than was leaving it, i.e. that fluid was 
being absorbed. To prevent coalescence of the records, 10 ml. of fluid was 
added to the recording system to replace the fluid absorbed. 

The inflow reservoir was always set at a level below that of the outflow 
recorder, so that before fluid could emerge from the loop it had to be raised 
through a known height by the pumping action of the contractions. A quanti- 
tative measure was thus obtained of the amount of propulsive work actually 
done by the loop. Provided the temperature and pressure of the fluid admitted 
were kept constant, the rate of work done was remarkably regular from hour 
to hour, and from day to day. Since the fluid was expelled intermittently, 
periods of outflow alternating with periods of quiescence, the degree of varia- 
tion in the rate of work was not easily measurable by the customary methods 
of analysis. The work done in each successive 5 min period was, therefore, 
measured and used as a statistical unit, the ‘population’ consisting of consecu- 
tive 5 min periods; but the true variation was less than that calculated by this 
procedure, since the natural cycles of activity did not fit into arbitrarily 
selected intervals of time. Even by this reckoning, we the results were — 
significant, as shown below. 


Effects of sodium chloride depletion 

Fig. 3 illustrates the results of an experiment in which the effects of NaCl 
depletion were studied on the rates of propulsion and absorption by a loop of 
jejunum (dog A). For 40 min before the first intraperitoneal infusion (Fig. 32) 
the loop was transporting fluid at a mean rate of 2:3 ml./min. Immediately 
after this record had been obtained, an infusion of 1300 ml. 4-5°% dextrose in 
NaCl-free Tyrode solution was given intraperitoneally, which abolished 
transport of fluid by the loop. This inhibition was a direct consequence of the 
distension of the abdomen, and always occurred when more than 1 |. of fluid | 
was still present in the peritoneal cavity. Intestinal propulsion was still 
absent 3 hr later, but returned during the removal of 1220 ml. fluid by 
paracentesis (i.e. as soon as the abdominal distension was relaxed) and soon 
became fairly constant at a mean rate, 3-2 ml./min (Fig. 3b), which was, 
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surprisingly, higher than the mean rate established before the infusion. 
Control recordings had been obtained for up to 5 hr for several days before the 
infusion, and the rate of propulsion had varied only slightly. Calculations of 
the variation in the amounts of fluid transported in two series of consecutive 
5 min periods, one series measured before, the other after, the infusion, showed 
that the pre- and post-infusion rates differed significantly (P < 0-02) by the t 
test. The plasma Cl was lowered by this infusion from 323 to 304 mg/100 ml. 


18 2°8 mi./min 

98 1°9 ml./10 min 
289 «231 224 NaCl 332 mg/100 mi. 
310 290 6g 314 mg/100 mi. 
305 21°4mg/100 mi. 

e 


Fig. 3. The effects of NaCl depletion on the activity of a jejunal loop in dog A. The rates of pro- 
pulsion (Pr. rate) and absorption (Abs. rate), calculated in ml./min and ml./10 min respec- 
tively over 30-40 min periods, are indicated below each tracing, together with the plasma 
concentrations of Cl, Na and K in mg/100 ml. 1-4 as in Fig. 1; b and c record outflow rate 
(4) only, a, Before lst intraperitoneal infusion; b, a few minutes after paracentesis on Ist day; 
c, the next morning, before 2nd intraperitoneal infusion; d, immediately after removal of 
peritoneal fluid on 2nd day; e, 14-2} hr after removal of peritoneal fluid on 2nd day; 6 g NaCl 
injected intravenously at the arrow, in a 10% solution; f, the following morning. 

At the interruptions in the inflow record additions of fluid (volume shown by the ciphers) 
‘were made to the recording system, to prevent coalescence of records. 


On the following day (Fig. 3c) the mean rate was still slightly raised 
(2-9 ml./min). A second infusion was made, and drained off 3} hr later (Fig. 3d); 
as a result the plasma C1 fell to 231 mg/100 ml, but the plasma K rose from 
20-0 to 22:2 mg/100 ml. The mean rate of transport during the succeeding 
hour was 1-8 ml./min, which was significantly less than the rate of transport 
after the first infusion the previous day. In the following hour, during which 
nothing further was done to the dog, the rate of transport continued to fall 
(Fig. 3e), and when it had almost ceased (at a rate of 0-1 ml./min) another 
blood sample was taken and showed that the plasma Cl had fallen very little 
further (to 224 mg/100 ml.), but that the plasma K had risen steeply to 
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30-5 mg/100 ml. At this point 6-0 g NaCl was injected intravenously (10% solu- 
tion), and resulted in an immediate increase in the amplitude of contractions 
(top tracing) and a more gradual return of the rate of fluid transport, to 
1-7 ml./min after 3} hr (plasma Cl, 321 mg/100 ml.) and to 2:8 ml./min (Fig. 3/) 
the following morning (plasma Cl, 332 mg/100 ml., plasma K, 21-4 mg/100 ml.). 
The whole of this experiment is depicted graphically in Fig. 7 III. 

_ Effects of moderate sodium chloride depletion in the other dogs. In four out of 
six dogs moderate salt depletion caused a significant initial increase in the rate 
of fluid propulsion, severe depletions being necessary before the rate was 


| 
(1) 


(4) 
42 4440 46 ml/min 
Plasma Ci 388 302 271 285 329 mg/100 mI. 


Fig. 4. Propulsive activity of a jejunal loop at different plasma Cl levels in dog B, inflow record (2) 
omitted. a, before first intraperitoneal infusion; not significantly different from 5; 6, 15 min 
after withdrawing peritoneal fluid from first infusion; c, next morning, before second intra- 
peritoneal infusion; d, peritoneal fluid from second infusion was withdrawn between the 
beginning of this record and the arrow, difference from a, 6 and c highly significant; e and f, 
the following 2 days, showing spontaneous gradual return of propulsive rate and plasma 
Cl approximately to the levels before first infusion. 


Taste 1. Hypermotility after moderate NaCl depletion in dog C 


Mean 
a Plasma Cl Plasma Na Plasma K 
(ml./min)  (mg/100 ml.) (mg/100 ml.) (mg/100 ml.) 
Before infusion 2:7 374. 418 15°5 
After removal of 5-2 g Cl- 343 21:5 


depressed. In the other two dogs, moderate depletion resulted in a depression 
of transport without any preliminary increase. Such an increase, in dog B, 
is strikingly illustrated in Fig. 4. A comparison of the rates of transport and 
plasma electrolyte levels in a third dog, C, is shown in Table 1; the difference 
between the rates of transport before and after the infusion was signifi- 
cant (P <0-02). 
Effects of salt depletion wpon the absorption of fluid. It was observed that 
immediately after the removal of every infusion, there was a great increase in 


j 
i-~ 
ay 
| 
at 
j 
43 
h 
i 
| 
| 
aa 
43 
| 


— 


POTASSIUM LOSS AND INTESTINAL PARALYSIS — 157 


the rate at which fluid was absorbed from the loop (except when the contrac- 
tions were abolished, vide infra). The rates of absorption were calculated for 
all the experiments, and have been included with the data recorded at the 
foot of each tracing. 
| Effects of severe depletion 

Moderate depletion of NaCl resulted in an increase in the rate of propulsion 
in four out of six dogs. When, however, the depletion was carried further by 
subsequent infusions, the effect was reversed, and severe depletion depressed 
the rate of intestinal propulsion. The rates of propulsion and the plasma con- 
centrations of Na, K and Cl of dogs B, D and F are compared in Table 2. 


TaBLE 2. Reduced rate of propulsion after severe NaCl depletion 


propulsion PlasmaCl Plasma Na Plasma 


rate concn, concn.  ¢onon. 
Dog Day Stage of experiment (ml./min) (mg/100 ml.) (mg/100 ml.) (mg/100 ml.) 
B 


5 Before 3rd infusion 66 332 ae — 
6 1 hr after removal of 6-1 304 ~ — 
2-7 g Cl- 3 
7 18 hr after removal of 146 280 passe re 
2-7 g Cl- 
D 1 Before first infusion 1-2 320 15-0 
Immediately afterremoval 2-7 331 300 
| of 3-2 g Cl- 
2 ‘Before second infusion 6-7 
Immediately after removal 0-1 261 307 23-5 
of 2-1 g Cl- 
F 1 Before first infusion 3-4 398 339 19-2 
Immediately after removal 2-2 ~~ 315 280 21-8 
of 3-1 g Cl- 


The recorded reductions in mean propulsion rate were statistically 
significant (P <0-01) for all three dogs. 


The depression of motility in these dogs occurred before there was any 
evidence of respiratory embarrassment or circulatory failure. The trauma 
caused by the injection and removal of fluid was not sufficient to have a 
deleterious effect. on the motility of the loop. Control infusions of sterile 
Tyrode solution were made in two dogs, and were found to have had no effect 


— upon the rate of propulsion either in the first few hours after their withdrawal 


or on subsequent days. Further, the fact that the first infusion usually 
increased the propulsive motility indicated that the technical procedure of the 
infusion was not injurious to the loop. We were surprised to discover at post- 
mortem examination that the effects of as many as four consecutive infusions 
were barely detectable. 
Effects of very severe sodium chloride depletion. The effects of a third intra- 
peritoneal infusion in dog A are shown in Fig. 5. Again there was an initial 
increase in the rate of propulsion from 2-8 to 3-8 ml./min immediately after 
the removal of fluid from the peritoneal cavity, as shown in Fig. 5b. Five hours 
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after the paracentesis, the plasma Cl had dropped to 229 mg/100 ml., the 
plasma K had risen to 33‘2 mg/100 ml., and the propulsive motility of the loop 
was found to have been completely abolished (Fig. 5c). The electrolyte with- 
drawal was now, however, having obvious effects other than those on intestinal 
motility, and the dog was severely dyspnoeic. Normally the tone of an 
intestinal loop is sufficiently high to prevent the variations in intra-abdominal 
pressure which occur simultaneously with respiration from appearing on the 


Prrate: 28 38 | 0 1 2:6 ml/min 


Abs. rate: 19 40 13 47 ml./10 min 

Plasma Cl: 332 252 229 Nac} — 355 mg/100 mi. 

Plasma Na: 314 261 278 52g — 335 = mg/100mi. 

Plasma K: 21°4 237 205 mg/100mi. 
a b ci cli d 


Fig. 5. Effects of further NaCl depletion on the activity of the loop in dog A, a, before intraperi- 
toneal infusion (this record continues that of Fig. 3f); b, immediately after paracentesis; rates 
of propulsion and absorption increased; c, 5 hr after the paracentesis: tone reduced so much 
that Ist and 3rd tracings record respiratory changes in intra-abdominal pressure; true 
propulsion was abolished but respiratory excursions, especially the large gasps between A 
and B, forced fluid out of the loop. 5-2 g NaCl injected into the heart at B, restored the 
propulsive contractions, and the tone of the loop, as indicated by suppression of the respira- 
tory record and the rise of the 2nd lever; d, 3 hr after the NaCl injection; e, 12 hr later, showing 
the restoration of normal intestinal activity. 10 ml. water was added to the inflow recorder 
at the points marked 10, and 5 ml. removed at -5. Time in min. 


record. In Fig. 5c the loop had become completely flaccid and dilated, the 
tone of its walls being so low that the contents of the loop were no longer 


insulated from the respiratory pressure changes. The top and third tracings 


became simply respiratory records (18 excursions of lever per min), and the 
outflow registered by the lowest tracing was observed to take place with each 


unusually large inspiration, as was particularly obvious when the enormous 


gasps, recorded between A and B, each expelled from 2 to 3 ml. of fluid from 
the loop. Associated with this state of reduced tone and propulsive inactivity, 
the absorptive rate of the loop was reduced to 1-3 ml./10 min. 
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A dramatic change occurred within 1 min of the rapid intracardiac injection 
of NaCl, 5-2 g as a 10% solution (at B, Fig. 5c). The tone of the loop was 
immediately restored, protecting the contents of the loop from respiratory 
pressure changes and reducing the volume of fluid within the lumen by causing 
the regurgitation of 8-5 ml. fluid into the inflow reservoir (rise of 2nd lever). At 
the same time, active propulsive contractions returned (10-4 per min in con- 
trast to the more rapid respiratory excursions) and the transport of fluid by 
the loop was resumed, at a mean rate of 1-1 ml./min. The observations were 
then discontinued and a further 4-0 g/NaCl was injected intraperitoneally. 


Propulsion rate (mil./min) 
Absorption rate (ml./10 min) 


Plasma Cl (mg/100 mi.) 263 
Plasma Na (mg/100 mi.) 262 
Plasma K (mg/100 mi.) 245 - 


Fig. 6. Paralysis of ileal loop after a third intraperitoneal infusion in dog E. The loop was flaccid 
and almost toneless, the excursions of the levers being synchronous with respiration. Between 
A and B the final 830 ml. of the infusion was withdrawn, but no propulsive contractions re- 
turned. At C, 2 min after the commencement of an injection of 40 ml. NaCl (10%) intra- 
venously, 26 ml. fluid was expelled from the loop, movements due to respiration were no 
longer visible, and propulsive contractions returned. Ten minutes later the rate of transport 
had risen to 1-7 ml./min. 


When the activity of the loop was again studied 3 hr after the first NaCl in- 
jection, the mean rate of propulsion had increased to 2-0 ml./min and absorp- 
tion from the loop took place at a rate of 4-7 ml./10 min (Fig. 5d). The plasma 


_ concentrations of Cl and K were found at this stage to have returned to normal 


levels, 355 and 20-5 mg/100 ml. respectively. The activity recorded 12 hr later 
(Fig. 5e) was very similar in the amplitude of contractions and in the mean 
rates of propulsion (2-6 ml./min) and absorption (1-9 ml./10 min) to the activity 
which had been present before the NaCl deficiency was induced (Fig. 5a). This 
experiment is depicted graphically in Fig. 7 IV. The dog was alive and well 
2 months after the experiments. 
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A complete intestinal paralysis was also observed, after a third intra- 
peritoneal infusion, in dog E. Before the first infusion the mean rate of 
propulsion was 4-4 ml./min, and before the third it was 5-1 ml./min. Fig. 6 
commences 2} hr after the third infusion, 500 ml. of which had just. been 
withdrawn. There was no propulsive activity since the peritoneal cavity still 
contained fluid. Between A and B the remainder of the fluid was drained off, but 
the contractions did not return (contrast Fig. 4d). The small excursions of the 
levers were synchronous with respiration, and the only sign of intrinsic activity 
was a series of slow alterations in tone (undulations of 2nd lever). Between the 
first and second parts of the tracing (the gap represents 4 min) 40 ml. of 
10% NaCl was injected intraperitoneally, and resulted (at C) in a great and 
immediate increase of tone (rise of 2nd lever), 26 ml. fluid being expelled from 
the previously flaccid and dilated loop. Thereafter, active contractions occurred 
at the normal frequency (no longer related to respiration) and propulsion was 
resumed at the rate of 1-7 ml./min. This recovery of intestinal propulsive 
activity was the more remarkable in that, despite a rise in the plasma C] 
concentration to 292 mg/100 ml. the secondary effects of the salt depletion 
were not sufficiently rapidly reversed to prevent death from cardiac failure 
shortly afterwards. The whole of this experiment is summarized graphically 
in Fig. 7 I. 3 | 

The conclusion drawn from these experiments is that the first part of the 
investigation, namely, whether a depression of intestinal propulsion could be 
produced by a withdrawal of NaCl, was answered affirmatively, in that a pro- 
gressive withdrawal, though it often at first potentiated intestinal propulsion, 
ultimately always depressed it. Such a depression occurred in the absence of 
any apparent distress to the animal. Very severe salt depletion, although it 
was accompanied by complete intestinal paralysis, also had secondary effects 
which endangered the life of the animal. The other part of this investigation 
was, therefore, concerned with making observations of these secondary effects, 
in order to determine which of them, if any, was mainly associated with the 
intestinal paralysis. 

Potassium 

In every experiment, the depression of intestinal propulsion was accom- 
panied by a slight rise in the plasma K. In the very severe depletions, complete 
intestinal paralysis was associated with a large rise in plasma K. Since these 
elevations of plasma K occurred more than an hour after the withdrawal of the 
intraperitoneal fluid, K may have been moving into the plasma from the cells. 

A point of considerable interest, therefore, was whether the paralysis was 
mainly associated with the increase in plasma K or with a decrease in cellular 
K. Darrow (1950) has suggested that intestinal atony and paralysis may 
result from a ‘pure’ K deficiency. He states: ‘the chief symptoms of potas- 
sium deficiency, such as paralysis of skeletal muscles, electrocardiographic 
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Fig. 7. Comparison of changes in plasma Cl and K in relation to the rate of intestinal propulsion. 
Expts. I and II from dogs E and D; Expts. III and IV from dog A. Ordinates: continuous 
line, plasma Cl; interrupted line, plasma K. The height of each vertical column represents 
the number of g cm/min propulsive work done by the loop in 5 min. The dotted outline in IV 
indicates that the fluid was expelled by respiratory movements and not by intestinal con- 
tractions. Abscissae: time in hours. The volume of each peritoneal infusion and paracentesis 
is given in the rectangles. The times of the beginning and end of each procedure are indicated 
by attached arrows, pointing down for infusions, and up for paracenteses. The broad arrows 
indicate the times of injections of sodium chloride. The crosses indicate that these animals 
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changes, intestinal distension and paralytic ileus are related to the low* con- 
centrations of potassium in the serum’. So far as intestinal motility is con- 
cerned he does not describe or quote evidence to support this suggestion. Our 
findings are not in agreement with the latter part of his statement, for in every 
case the maximum depression of intestinal propulsion coincided with a raised 
concentration of K in the plasma. 


<0-1 1:9 

275 258 

309 311 286 

29-3 30-5 31-1 
c d e 


Fig. 8. The effect of a slow intravenous injection of potassium chloride in dog G, 15 kg, moderately 
depleted of NaCl. Intestinal propulsion had already been depressed by two intraperitoneal 
infusions. a, before the second intraperit l infusion; 6, 1 hr after the removal of the second 
infusion ; c, 4 hr later (between the arrows 185 mg KCl was injected intravenously; during the 
injection the heart rate fell from 136 to 58 per min); d, 90 min after end of c (outflow abolished ; 
heart rate 58 per min); ¢, the next morning (heart rate 60 per min). | 


Fig. 8 shows the effect of a slow intravenous injection of 185 mg KCl into 
dog G, which had been moderately depleted of NaCl. In this dog two intra- 
peritoneal infusions of NaCl-free Tyrode had been made and withdrawn. At 
the time of commencing the intravenous injection of potassium, the plasma 
concentrations were 309mg Na, 301 mgCl, and 29:3mgK per 100 ml. 
Intestinal propulsion had already been considerably depressed. As a result of 
the K injections the propulsion was completely abolished. On the other hand, 
there was no loss of tone, for the respiratory changes in intra-abdominal 
pressure were not transmitted to the record. There were still non-propulsive 
contractions present, and slow dilatations and constrictions of the loop as a 
whole. The paralysis with atonia, which occurred after profound salt depletion 
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in two dogs (causing the death of one of them) was not, therefore, likely to have 
been due to the concomitant rise in plasma K alone. As a result of the K in- 
jection shown, the heart rate fell from 136 to 58 per min; the following morning 
the heart rate was still 60 per min and the plasma K 31-1 mg/100 ml. In spite 
of this evidence of continuing K intoxication, sienna propulsion had 
recovered to a considerable extent (Fig. 8e). 


Effects of sodium chloride deficiency on potassium content of intestine in vitro 

It was of interest to determine whether, when a segment of intestine was 
immersed in a medium low in NaCl in vitro—a procedure leading to paralysis 
of propulsive motility (Streeten, 1950)—the reduced concentration of NaCl did 
in fact lead to the passage of K from the intestinal cells into the bath at the 
time that activity was depressed. The following experiment was therefore done 
on freshly excised jejunum obtained from dogs A and G during the operations 
for preparing their cannulated loops. 


A 20 cm length was divided into two equal segments, each of which was cannulated at both ends. 
The segments were set up in isolated organ baths at 38° C, and fluid was admitted to the oral end. 
One segment was immersed in normal Tyrode solution, and large contractions and the active 
propulsion of fluid were observed. The other was immersed in a medium with the same 
except for the concentrations of Na and Cl, which were lowered to the levels present in the plasma 
of dog A at the time in the NaCl depletion experiment when complete paralysis of the intestinal 
loop had been recorded (i.e. 278 mg Na, 229 mg Cl per 100 ml.). The solution used for this purpose — 
contained 3-39 g NaCl and 5:20 g NaHCO, /I., together with the amounts of KCl, CaCl,, NaH,PO, 
and dextrose present in Tyrode solution. 

The segment immersed in the abnormal medium showed smaller contractions and a gradual 
decline in the rate of propulsion. The K concentrations in samples of the bath fluids were estimated 
both before the experiment and after 1 hr, when the preparations were taken down. Samples of 
each segment were then heated to constant weight at 105-110° C. The desiccated material was 
extracted with 10%, trichloroacetic acid and the K concentration determined in the supernatant: 
A second experiment of this kind was performed, with the difference that in the abnormal solution 
the K concentrations were not those of Tyrode, but were made equal to normal plasma levels. 


The results are given in Table 3. In both experiments a large amount of K 
was lost by the segments in the abnormal solution. In the second experiment 
it was shown that some (but far less) K was lost by the segment in Tyrode 
solution. 


TABLE 3. Potassium changes in dog jejunum contracting in Tyrode and 


NaCl-deficient solutions in vitro 
Potassium concentrations 
Bath fluid Bath Jejunum 
before expt. after 1 hr after 1 hr 
Expt. Immersion fluid (mg/100 ml.)  (mg/l00 ml.) (mg/g dry wt.) 
1 A solution 10-5 — 266 
i Abnormal solution 9-6 11-0 158 
2 (dog G) —- solution — 17-7 20-0 253 
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: Effects of salt depletion on water content of cells 

The haematocrit reading and the Hb concentration of the blood were 
increased by each infusion into the peritoneal cavity. This haemoconcentration 
indicated a loss of extracellular fluid. Since it was never possible to remove 
much more fluid from the peritoneal cavity than had been infused (cf. Fig. 7), 
and since other authors (Darrow & Yannet, 1935, 1936) have shown that intra- 
peritoneal dextrose infusions result in a marked oliguria, the haemoconcentra- 
tion which followed the infusions suggested that water had passed from the 
extracellular compartment into the cells. The passage of water across the cell 
boundary is recognized as the most important means of restoring an imbalance 
between the electrolyte concentrations on either side of the cell membrane 
(Yannet & Darrow, 1940). That water did pass into the cells as the result of 
extracellular electrolyte loss, in these experiments, was established by com- 
paring the ratio: Hb concentration/haematocrit reading (i.e. the mean cor- 
puscular Hb concentration, M.c.H.c.) before and after the infusions. A shift of 
water from the plasma into the erythrocytes would increase the haematocrit 
reading, but could cause no change in the Hb concentration of whole blood, 
so that a fall in the m.c.u.c. would be observed. This method of following the 
changes in size of the red cells depended on the assumption, probably justified 
in these relatively short experiments, that any cells added to the circulating 


_ erythrocyte volume by haemopoiesis or from body stores (e.g. the spleen) 


would not differ from the circulating red cells in their mean volume or mean 
weight of Hb per cell, to an extent sufficient to alter the overall m.c.u.c. In 
Table 4, the m.c.H.c. before and after the intraperitoneal infusions, are repro- 
duced from five of our experiments, and compared with the M.c.H.c. which we 
have calculated from the results of Hb and haematocrit estimations before and 
after intraperitoneal dextrose infusions, published by other authors. In all 
cases, the infusions are seen to have caused a large drop in the M.C.H.C., 
indicating the passage of water from the plasma into the red cells. 

The rise in the haematocrit was one of the secondary results of salt depletion 


Taste 4. Changes in M.c.H.0. before and after intraperitoneal dextrose infusions in dogs 


Haemoglobin Haematocrit M.C.H.O. 

Source expt. Before After Before After Before After 
Present results 1 1595 193 427 6576 37:40 33-40 
| 2 140 189 396 590 33:35 32-06 
3 166 199 486 664 34:16 29-97 
5 125 168 360 6504 3472 31-35 
162 184 460 610 3304 30:16 

1 79 97 #21 406 27-1 23-9 

2 73 93 29 $378 27-1 24-6 

3 6-3 87 334 61-7 18-8 16-8 

102 128 371 £483 275 26-5 
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associated with the dyspnoea and tachycardia which occurred in the very 
severe depletions. It was not, however, correlated with the intestinal paralysis. 
The mean normal packed cell volume of our six dogs before NaCl depletion 
was 43-0 %. In two experiments in which moderate salt depletion had resulted 


in a depression of intestinal motility in the absence of distress (or of a large rise 


in the haematocrit), further very severe depletion caused the death of the dog 
before paralysis had supervened. In both experiments the haematocrit had 
reached very high values (60-2 and 67-0 respectively), in spite of which in- 
testinal propulsion continued. On the other hand, in dog A, complete paralysis 
occurred when the haematocrit was 36-1. 


Other effects of salt depletion 

The first noticeable effect of severe depletion was a salivation and rhinor- 
rhoea (five out of six dogs), lasting sometimes 3 hr. Vomiting, doubtless a direct 
result of abdominal distension, occurred soon after infusion on four occasions. 
It also occurred, however, after removal of the peritoneal fluid in the very 
severely depleted dogs, and is of interest by analogy to its occurrence in ileus. 
Skin elasticity was markedly impaired, the loss being maximal 4-6 hr after 
infusion, and being detectable the following day. The gait became unsteady, 
the dogs walking with a wide base, reminiscent of the effects of cerebellar 
dysfunction, dragging the front paws, and with the head drooping as the 
result of a generalized weakness predominantly affecting the extensor muscle 
groups. As the plasma NaCl depletion became more severe, two further effects 
became prominent: a generalized fibrillation most pronounced in the shoulder- 
girdle, fore-limb and facial muscles, and a clonic nodding of the head. These 
manifestations usually came on when the plasma Cl level had fallen below 
300 mg/100 ml. but before the plasma K concentration had risen to the very 
high values observed when NaCl depletion was maximal. 

Our findings differed from those of Harrop (1936) in that the heart rate was 
very rapid, in contrast to the severe bradycardia which he describes. In our 
experiments, the heart rate after severe depletion usually went up to 140-160. 
and sometimes as high as 180 per min. ; 


Effects of anoxia 

In view of the progressive circulatory failure in the very severe depletions, 
it was of interest to investigate to what extent anoxia might have been a factor 
contributing to the development of the final paralysis. It is well known that 
anoxia inhibits intestinal contractions (Van Liere, 1941), Anoxia has also been 
shown to cause the release of intracellular K+ and its replacement by Nat (Fox 
& Baer, 1947). | 

In an acute experiment on a dog (not one of the series already described) 
under light pentobarbitone anaesthesia, a loop of jejunum was set up for 
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recording, and the animal was made to breathe varying concentrations of 
oxygen through an endotracheal tube from a mixing chamber attached via 
inspiratory and expiratory valves. The percentage of oxygen was gradually 
lowered, and it was found that by this procedure alone the tone and motility 
of the intestine could ultimately be abolished (Fig. 9). Furthermore, under 
such conditions, hypertonic sodium chloride 3-0 g injected at A still had a 
stimulating effect, and this tracing has features in common with Figs. 5 and 6, 
in that the injection was followed immediately by a great increase in tone and 
the expulsion of a large volume of fluid from the loop. The respiratory rhythm 


| 


Fig 9. The effect of oxygen lack upon intestinal motility in a dog under light pentobarbitone — 


anaesthesia in the absence of salt-depletion. The dog was made to breathe decreasing con- 
centrations of oxygen. The oxygen content of arterial blood samples taken during each 
record, and the mean rate of intestinal propulsion, are given by the figures below the tracings. 
Propulsion ceased and intestinal tone was abolished when the arterial blood contained 
12-8 ml./100 ml. O,. At A, 3-0 g NaCl (in 10% solution) was injected intravenously. 


disappeared from the record, and intestinal contractions returned. Blood 
samples were taken at intervals during the experiment, and it was found that 
intestinal paralysis did not supervene until the oxygenation of the arterial 
blood had been reduced to 12:8 ml./100 ml. 

In another experiment, on an unanaesthetized dog provided with a carotid 
arterial loop as well as a cannulated intestinal loop, an arterial blood sample was 
taken during the phase of depressed intestinal propulsion following the removal 
of sodium chloride. Its oxygen content was found to be 15-7 ml./100 ml, i.e. 
intestinal motility was depressed in this unanaesthetized dog, although its 
blood was oxygenated far above the threshold level for paralysis—in the 
absence of salt-depletion—in an anaesthetized dog. These experiments suggest 
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that circulatory failure-could have been a contributory factor in the develop- 
ment of complete intestinal paralysis after profound salt depletion, but confirm 
that anoxia was not concerned in the depression of motility after moderate 
salt-depletion, when there was, in any case, no sign of dyspnoea. 


Degree of ‘ stress’ 

_ Injections of ACTH have been shown to cause a loss of intracellular K 
(Pearson & Eliel, 1949). In order to determine whether the stress involved, 
first in the distension of the peritoneal cavity by a large volume of fluid, 
secondly by the salt depletion, was sufficient to stimulate the output of ACTH, 
eosinophil counts were made in the peripheral blood of all dogs, the counts 
being made hourly on some of them. The results showed that there was a pro- 
found fall in eosinophils after every salt-depleting infusion, maximally 
demonstrated 5-64 hr after the point at which equilibrium was reached 
between the electrolytes in the plasma and in the intraperitoneal fluid. The 
control infusions of Tyrode, in which only distension and no salt-depletion was 
involved, resulted in one case (1100 ml. into a 9-5 kg dog) in no fall in the 
eosinophil count, in the other (1320 ml. into a 12:2 kg dog) in a 70% fall after 
8 hr. 


DISCUSSION 


The results show that the progressive withdrawal of sodium chloride by the 
method of intraperitoneal infusions of Tyrode solution in which the NaCl and 
NaHCO, had been replaced by dextrose, caused at first an increase, but 
ultimately a depression of intestinal propulsion. The depression occurred in 


the absence of any sign of distress on the part of the animal. Further depletion 


caused a variety of changes which included a rise in the haematocrit, and which 
led to circulatory collapse unless corrected in time. The period of maximum 
depression of propulsive motility was associated in every case with a rise in 
the concentration of K in the plasma. Since this rise invariably took place 
some hours after the withdrawal of the peritoneal fluid, the K may have come 
out of the cells into the plasma. 

The increased concentration of plasma K was also associated with a fall in 


_. the number of circulating eosinophil cells, implying an output of ACTH. 


Injections of this hormone have been shown to cause a loss of cellular K 
(Pearson & Eliel, 1949), and desoxycorticosterone administration has also 


_ resulted in deficient gastro-intestinal motility in rats (Winter, Hoff & Dso, 


1949). Both this work and our own results would be consistent with the hypo- 
thesis that the depression of propulsive motility resulted from a loss of oel- 
lular K, and not from a low level of K in the plasma. The experiments on in 
vitro preparations of dog intestine support this view by showing that K does, 
in fact, leave the cells of intestine immersed in a medium containing the same 
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concentrations of Na and Cl as were found to be present in the plasma of dog A 
at a time when NaCl —— had intnctd — paralysis of the loop in 
vivo. 

Severe depletion of sodium chicside led to 


tory collapse as well as to complete intestinal paralysis. To what extent such 


complete paralysis was caused by. the abnormalities in the concentrations of 
plasma electrolytes themselves, or was secondary to the circulatory failure, we 
have been unable to determine. It has been shown, however, that a similar 
paralysis can be induced in an anaesthetized dog subjected to anoxia alone in 
the absence of NaCl depletion, though only by lowering the oxygen tension 
well below the level observed in a conscious dog in which propulsion had been 
profoundly depressed by NaCl deprivation. Anoxia can also itself be responsi- 
ble for a loss of cellular K (Fox & Baer, 1947). 

Motility was restored after paralysis in three experiments on two dogs by 
replacement of the NaCl lost. Hypertonic saline has often been shown to be 
a brief stimulant of intestinal contractions (Hotz, 1909; Hughson & Scarff, 
1924; Ochsner, Gage & Cutting, 1933). It increases the size of intestinal con- 
tractions in normal dogs for periods from a few minutes to 1 hr, and our own 
experiments have shown that it will stimulate an intestinal segment paralysed 
by anoxia in a dog not depleted of salt. The stimulation by hypertonic saline, 
however, lasts such a short time that its immediate effect can be clearly 
distinguished from its subsequent action in replacing the salt lost. In our salt- 
depleted dogs there was a gradual return to normal propulsive activity long 
after the immediate effect of the hypertonic injection had disappeared. 
Estimations of Na, Cl and K in the plasma 12 hr after the injection of NaCl into 


‘dogs in which intestinal propulsion had been completely abolished by removal 


of NaCl, showed that at the time normal propulsive motility was restored, the 
concentrations of Na, Cl and K in the plasma had also returned to normal. 

_ The similarity in the clinical picture presented by cases of paralytic ileus and 
of K deficiency led Darrow (1950) to suggest that K deficiency might be a 
cause of ileus. Our own results have demonstrated an association between a 
rise of plasma K and a depression of intestinal propulsion. Of the other 
observations made, it can be said that none of them is inconsistent with the 
hypothesis that it is a cellular, K loss which is primarily responsible for the 
depression, though proof of this has not been obtained. The reduction of the 
difference of K concentrations across the cell wall by the loss of cell K would 
be exaggerated both by the rise in plasma K and by the passage of plasma 


water into the cellular compartment (as demonstrated in the red cells). If 


these experiments are relevant to human pathology, they. would be of some 
therapeutic interest; for the replacement of electrolyte deficiencies, parti- 
cularly of K, would take precedence over other forms of tecetenent in the 
management of cases,of paralytic ileus. 
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SUMMARY 

1. In view of recent suggestions that as ileus may. be caused by 
electrolyte deficiencies, the effect of the removal of NaCl upon intestinal 
propulsion has been investigated in six dogs. 

2. The dogs were provided, at a previous operation, with cannulated Thiry- 
Vella loops, and measurements of intestinal propulsion were made on conscious 
animals by apparatus which measured simultaneously the tone and amplitude 
of the contractions of the loop, and the rate at which Tyrode solution was 
transported by it against a known pressure. i 

3. The animals were depleted of Na and Cl by intraperitoneal infusions of 
fluid containing 4-5°/, dextrose and K, Ca, Mg and PO, in the concentrations 
present in Tyrode solution, the infused fluid being withdrawn 2-4 hr later. 

4, Such depletion of extracellular electrolyte caused at first an increase in 
the rates of intestinal propulsion and absorption, but further depletion was 
followed by reduction and ultimately paralysis of propulsion. In two experi- 
ments the intestinal loops became completely toneless after NaCl depletion in 
addition to losing their power to transport fluid. 

5. Depression of intestinal propulsion was associated with a fall in the 
plasma Na and Cl concentrations and a rise in the plasma K level, indicating 
that a deficiency of cellular K could have been induced. This observation was 
in good agreement with the finding that contracting intestinal segments in 


_ vttro lost more intracellular K when immersed in NaCl-deficient Tyrode than 


in normal Tyrode solution. Very severe NaCl depletion led to complete 1 in- 
testinal paralysis and atonia, associated with a further large rise in plasma K, 
but also with dyspnoea and tachycardia. 

6. Separate experiments established that anoxia could paralyse intestinal 
propulsive motility only when the arterial oxygen content. was lowered well 
below the level present in a dog in which intestinal propulsion had been pro- 
foundly depressed by NaCl depletion. 

7. Loss of NaCl also caused a fall in the mean corpuscular Hb concentration, 
indicating the passage of water from the extracellular fluid into the red cells. 
Other effects of severe depletion included disturbances of skeletal muscle, and 
a fall in the number of circulating eosinophil cells, implying the output 
of ACTH. 

8. The association of otis depression of intestinal propulsion with a rise of 
plasma K and with the output of ACTH is consistent with the hypothesis that 
cellular K deficiency could contribute to the development of paralytic ileus. 
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POTENTIATION AND REVERSAL OF THE ADRENALINE 
MOTOR RESPONSE IN THE GUINEA-PIG ILEUM BY 
AUTONOMIC DRUGS 


By A. F. MUNRO 
From the Department of Physiology, King’s College, University of London 
_ (Received 22 February 1952) 


The normal response to adrenaline of the intestinal muscle is relaxation, but, 
recently, motor adrenaline responses of the terminal segment of the guinea- 
pig’s ileum have been described (Munro, 1951). The present experiments show 
that motor responses on this preparation can be obtained with other sympa- 
thomimetic drugs as well. 


So far, only a few experiments have been carried out concerning the 


mechanism of the adrenaline contraction on the terminal segment. It might 
be a direct effect of adrenaline on the smooth muscle fibre in this region of the 
intestinal tract, or alternatively it might be brought about indirectly by the 
release from nervous structures of some smooth muscle stimulant substance 
such as acetylcholine or histamine; in that case the integrity of the nervous 
elements in the intestinal wall would be essential for the response. 

These possibilities can be tested to a certain extent by determining how the 
adrenaline response is modified by drugs which either depress or potentiate 
acetylcholine or histamine, or which paralyse the nerve cells in the intestinal 
wall. The importance or otherwise of the nervous elements for the adrenaline 
response can also be studied on cooled preparations in which the nervous 
elements have become inactive. 


“METHODS 


The intestinal segment used for the experiments was taken from the terminal part of the guinea- 
pig ileum. It was 2-3 om in length and the method employed for suspending it in the bath fluid 
was a slight modification of the Trendelenburg (1917) method. The details of procedure have been 


described previously (Munro, 1951). 


RESULTS | 

The motor response of terminal segments to sympathomimetic amines. It has 
previously been shown that adrenaline contracts the terminal ileum whereas 
ephedrine is ineffective. It has now been found that pi-noradrenaline, as well 
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as neosynephrine, has motor effects on the terminal segment. pi-Noradrena- 
line was always, neosynephrine sometimes, less active than adrenaline. This is 
illustrated in Fig. 1. 

The different sympathomimetic amines, if kept in the bath for some time, 
influence the response of subsequent doses of the same or other amines. It 
had previously been shown that ephedrine in high concentration, although itself 
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Fig. 1. Effect of pt-noradrenaline, adrenaline and neosynephrine on the terminal segment of the 
guinea-pig’s ileum. (A) pt-noradrenaline (1:5 x 105) added at Nor; without washing the seg- 
ment, adrenaline (1:1 x 10*) added at Adr. (B) The same doses of adrenaline and noradrena- 
line, added in the reverse order, as in A. (C) Neosynephrine (1:5 x 10°) added at Ne; without 
washing adrenaline (1:1 x 10*) added at Adr. (D) The same doses of adrenaline and neosyne- 
phrine, added in the reverse order, as in C. The interval between additions of the drugs 
without intervening washing of the preparation was 10-15 min. 


ineffective as a motor stimulant of the terminal segment, diminished the motor 
response to adrenaline. Adrenaline exerts a similar influence. It considerably 
reduces the motor response to a subsequent dose of adrenaline or noradrenaline, 
but it has only a slight effect of this kind on the response to neosynephrine. 
For instance, if a segment is contracted by adrenaline and the adrenaline is 
kept in the bath, the muscle relaxes gradually. If now, without changing the 
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bath fluid, the same dose of adrenaline is added or a dose of noradrenaline 


ADRENALINE RESPONSE AND AUTONOMIC DRUGS 173 


which originally had a strong motor effect, the response is considerably reduced. 
This is shown in Fig. 1A and B. The much weaker reduction of the neosyne- 
phrine response by adrenaline is shown by comparison of Fig. 1C and D. 

Noradrenaline does not reduce the response to a subsequent dose of adrena- 
line, noradrenaline or neosynephrine, or reduces it to a small extent only. 
In Fig. 1, at A, it is seen that adrenaline causes a strong contraction in the 
presence of noradrenaline when the motor effect of the latter has worn off. 
The response is as great as that seen at B in which adrenaline i is given without 
previous treatment with noradrenaline. 

Neosynephrine, on the other hand, acts about as strongly as adrenaline in 
reducing the responses to subsequent doses of adrenaline. At C is seen the strong 
reduction in the motor response of adrenaline in the presence of neosynephrine, 
when the motor effect of the latter has worn off. 

Effect of distension on the motor response to adrenaline, An increase of a few 
cm in the intraluminal saline pressure distended the segment sufficiently to 
initiate longitudinal and peristaltic contractions. In this condition adrenaline 
produced as strong a motor response as in a segment with a collapsed lumen. 

Effect of anticholinesterases on the motor response to adrenaline and noradrena- 
line. If adrenaline or noradrenaline were acting by liberating acetylcholine, 
it might be expected that the motor response of the segment to adrenaline or 
noradrenaline would be potentiated in the presence of an anticholinesterase. 
However, far from potentiating the motor response the anticholinesterases 
diminished it and caused an apparent reversal. Experiments were performed 
with tetraethylpyrophosphate (TEPP), neostigmine, DFP and eserine. In 
every instance there was first a reduction of the adrenaline and noradrenaline 
responses, followed, after longer exposure to the anticholinesterases, by com- 
plete inhibition. Fig. 2 illustrates a reversal of the adrenaline responses 
after TEPP. 

A reversal of the response occurred only when the anticholinesterases were 
present in the bath long enough to elicit the characteristic long slow contrac- 
tions, which often were superimposed on a state of slowly increasing tone. 
Addition of adrenaline or noradrenaline between such contractions frequently 
caused the segment to relax. Such an effect of adrenaline is shown on a cooled 
preparation in Fig. 8B. If adrenaline or noradrenaline were added during the 
development of an anticholinesterase contraction they cut it short, no matter 
how far it had gone, and prevented further contraction. 

These effects are shown for adrenaline and noradrenaline in the presence of 
neostigmine in Fig. 3, and for adrenaline in the presence of eserine in Fig. 4. 
In the experiment shown in Fig. 3 adrenaline had been added after some tone 
had been regained following upon the relaxation of the segment by noradrena- 
line. It is interesting to compare the effect with that shown in Fig. 4, where the 
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first dose of adrenaline in the presence of eserine arrested the contractions 
produced by the anticholinesterase: but when a second and similar dose of 
adrenaline was added during this phase of relaxation, it cnused @ small 
contraction. 

Effect of abeigielotine and histamine on the adrenaline motor response. 
Acetylcholine and histamine, unlike the anticholinesterases, are unable to 
reverse the motor response to adrenaline. This had previously been observed 


Adr ACh Adr ACh 


Fig. 2. Effect of tetr thylpyrophosphate (TEPP) on the motor responses to adrenaline and 
acetylcholine of the terminal : segment of the guinea-pig’s ileum. Adr, adrenaline (1:1 x 10°); 
ACh, acetylcholine (1:1 x 10*). Between B and C, TEPP (1:7-5 x 10*) added to the bath, 
causing repeated contractions of the type shown at C which continued for some time after 
washing out the TEPP. The adrenaline relaxation at D was obtained after TEPP was washed 
out; the adrenaline was added between such TEPP induced contractions. 


with histamine (1:5 x 10°) and with a relatively weak concentration of ace- - 


tylcholine (1:1 x 10*), but the same is true with higher concentrations of 
acetylcholine. In the experiments shown in Fig. 5, adrenaline added during 
the contraction produced by acetylcholine caused a superimposed contraction. 
The beginning of the same figure illustrates the converse effect; i.e. acetyl- 
choline given during an adrenaline contraction retains its strong motor effect. 

Effect of anticholinesterases on the response to acetylcholine and histamine. The 
abolition or reversal of the motor response by anticholinesterases is specific 
for adrenaline and noradrenaline and does not apply to the motor responses 
elicited by either acetylcholine or histamine, although the responses to these 
drugs may be somewhat diminished. 
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Eserine and the other anticholinesterases first potentiated the response to 
acetylcholine. This period of increased sensitivity was short-lived and was 


Fig. 3. Effect of neostigmine on the motor responses to adrenaline and noradrenaline of the 
terminal segment of the guinea-pig’s ileum. Adr, adrenaline (1:1 x 10°); Nor, pL-noradrena- 
line (1:5 10°), Between A and B neostigmine (1:2 10*) added to the bath, causing 
repeated contractions of the type shown at the beginning of B. | 
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Fig. 4. Effect of eserine on the motor response to adrenaline of the terminal segment of the 
guinea-pig’s ileum. Adr, adrenaline (1:1 x 10*), Between A and B eserine (1:5 x 10*) added 
to the bath, leading to contractions like those shown at the beginning of B. The original 
motor response to adrenaline in A was exceedingly strong in this preparation. 


> later on followed by a period of somewhat decreased sensitivity to acetyl- 
choline and to histamine. In this condition stronger responses could again be 
obtained when the concentration of acetylcholine or histamine was increased. 
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Effect of atropine on the motor response to adrenaline im the presence and 
absence of anticholinesterases. Atropine which abolishes the motor activity of 
the anticholinesterases also abolishes their effect on the adrenaline response. 
In the presence of both atropine and eserine the motor response to adrenaline 
was no longer abolished or reversed. When eserine had reversed the motor 
response of adrenaline, it reappeared after atropine had been added to the 
bath as well. Such an effect is seen in Fig. 8 in a cooled preparation. Atropine 
had a corresponding effect on the adrenaline contraction in segments not 
treated with anticholinesterase. In such preparations atropine potentiated the 
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Fig. 5. Effect of acetylcholine on the motor response to adrenaline of the terminal segment of 
the guinea-pig’s ileum. Adr, adrenaline (1:1 x 10*); ACh, acetylcholine. A: acetylcholine 
(1:1 x 10") added to the bath without washing out the adrenaline, and the second dose of 
adrenaline added without washing out the acetylcholine. B: adrenaline added without 
washing out the acetylcholine (1:5 x 10*). “he 


adrenaline response, The effect was usually demonstrable in all except those 
segments in which adrenaline by itself produced a very strong motor response. 
Atropine only became effective, however, after it had been left in the bath for 
about 10 min. If adrenaline was tested earlier, its response was not potentiated. 
The potentiation therefore does not run parallel to the well-known atropine- 
acetylcholine antagonism, because added acetylcholine became ineffective 
well within a minute after exposure to atropine. It could also be shown that 
a 10 min period of rest on a non-atropinized segment had, in itself, no such 
potentiating effect, although it resulted occasionally in a slight potentiation 
of the adrenaline motor response. Fig. 6 is a record from the terminal ileum 
of a very large animal. The terminal segments of such animals do not respond 
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at all to adrenaline, or give only very weak motor responses. In the experiment 
of Fig. 6 adrenaline was ineffective, but after atropine had been given and left 
in the bath for several minutes, adrenaline caused rhythmic movements and 
a slight increase in tone. Fig. 7 is a record from a terminal segment obtained 
from a smaller animal and shows a particularly strong — effect of 
atropine on the adrenaline motor response. 


Fig. 6. Effect of adrenaline before.and after atropine on the terminal segment of the ileum of a 
large guinea-pig. Adr, adrenaline (1:1 x 10°). 1 x 10") added 
and left in the bath till end of experiment. 


Fig. 7. Potentiation by atropine of motor response to adrenaline of the terminal segment of the 
ileum of a small guinea-pig. Adr, adrenaline (1:1 x 10*). aac ctseia 1 x 10") 


Effect of cooling the intestinal preparation on the motor response to adrenaline. 
Cooling an intestinal preparation for 50 hr abolishes all ganglionic activity 
(Vogt, 1943). It was found that 42 hr exposure of an intestinal preparation 
to —1°C did not diminish the motor response to adrenaline, although it 
reduced that to acetylcholine; after an additional 12 hr exposure at —1° C the 
response to adrenaline was reduced as well. In this condition, eserine itself had 
still a weak motor effect and potentiated the response to acetylcholine, but 
diminished and reversed that to adrenaline. Anticholinesterases, therefore, 
affect the adrenaline response in the same way as in fresh preparations. 

In the experiment of Fig. 8 adrenaline, like acetylcholine, produced a strong 


- motor response on the cooled preparation, as shown at A. Eserine at first 


reduced the motor response to adrenaline (not shown in the figure), but when 
the adrenaline was then washed out and fresh eserine added to the bath, a 
second dose of adrenaline caused relaxation, as shown at B. The effect of 
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adrenaline became motor again when atropine was added to the bath as well 


(shown at D). Atropine naturally abolished the motor response to acetyl- 
choline (shown at C). | 
Whereas cooling up to 50 hr did not completely abolish the motor effect of 


eserine and its potentiating effect on the acetylcholine response, cooling for | 


5 days produced such a result. Such a preparation gave only small contrac- 
tions in response to adrenaline and noradrenaline and these were no longer 
affected by eserine. Thus, only when eserine produces its motor effect does it 
reverse the adrenaline response. When the eserine effect is either prevented by 
atropine or abolished by cooling, adrenaline retains its motor response on the 
terminal segment, 
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Fig. 8. Effect of eserine and atropine on the motor response to adrenaline of the cooled termina | 


segment of the guinea-pig’s ileum. Terminal segment was stored for 42 hr at -1°C. Adr, 
adrenaline (1:1 x 10*); ACh, acetylcholine (1:3 x 10’). Between A and B eserine (1:7-5 x 10°); 
between B and C atropine (1:7-5 x 10*). . 


Effect of tetraethylammonium (TEA) on the adrenaline motor response. TEA 
(1:3 x 10°) caused an increase in the tone of the segment and frequent irregular 
strong contractions. Such motor responses to TEA have been reported for 
other segments of the small intestine by Collins (1948) and Feldberg (1951), 
and have been shown to occur in conditions when the preparations have become 
insensitive to nicotine, i.e. when the ganglion cells are paralysed. The motor 
effect of TEA was long-lasting and did not prevent the strong motor response 
to adrenaline, which, if anything, was potentiated. 

TEA, therefore, acts differently from nicotine, which was shown to abolish 
the adrenaline motor response. Since nicotine in large concentrations, however, 
apparently has a strong smooth muscle depressing effect (Feldberg, 1951), its 
action on the motor response to adrenaline might be explained in this way. 
It is not the result of paralysis of the ganglion cells. 

Effect of antthistamine drugs. It has been suggested that histamine is released 
from smooth muscle in response to stimulation by adrenaline, acetylcholine 
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and certain other contracting agents (Ambache & Barsoum, 1939). Neither 
diphenhydramine (benadryl) nor antazoline (antistine), however, when added 
to the bath had any effect on a subsequent response to adrenaline, even when 
the antihistamine drugs were present in a concentration sufficient to abolish 
strong histamine contractions. On the other hand, when benadryl was added 
(Fig. 9), durmg the sustained phase of an adrenaline contraction, it caused 
rapid partial relaxation of the muscle. It exerted the same effect on the sus- 
tained phase of an acetylcholine contraction. This depressant effect of benadryl 
is therefore not typical of antihistamine activity. Antistine, which is more 
specific, had no action of this kind (Fig. 9). The results, therefore, do not 
support the view that the motor response to adrenaline is brought about 
indirectly by release of histamine. 


Adr ~ An Be 


Fig. 9. Effect of antistine and benadryl on the motor response to adrenaline of the terminal 
segment of the guinea-pig’s ileum. Adr, adrenaline (1:1 x 10*); An, antistine (1:1 x 10*); 
Be, benadryl (1:1 x 108), 


DISCUSSION 
One clear conclusion can be reached with regard to the motor response to — 
adrenaline. It is independent of nervous activity. In earlier experiments it 
had been found that large doses of nicotine abolished the response, which 
might have suggested a ganglionic effect of adrenaline. This, however, could 
not be so, because cocaine did not reduce but even augmented the response to 
adrenaline. The present results show that the effect of nicotine in abolishing 
the adrenaline motor response cannot be attributed to the ganglionic blocking 
action of nicotine, because another ganglionic blocking agent, TEA, did not 
abolish the response. The nicotine-adrenaline antagonism must be explained 
by the smooth muscle depressing effect which nicotine exerts on the intestine 
in large concentrations. The results on cooled preparations are also in favour 
of this view, since, after cooling, the adrenaline response could be elicited for 


as long as the responses to acetylcholine and to histamine. 
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The results with atropine and antihistamine drugs make it unlikely that the 
motor response to adrenaline is due to release of either acetylcholine or hista- 
mine from nervous elements or other structures in the intestinal wall, and 
suggest that adrenaline has a direct stimulating action on the smooth muscle 
of the terminal part of the ileum. 

The fact that the contraction produced by adrenaline was augmented by 
atropine, and abolished or reversed by anticholinesterases, might. suggest that 
acetylcholine antagonizes the adrenaline motor response but that acetyl- 
choline is able to produce its antagonism only as long as its motor action is not 
abolished by atropine. Against this view are the results obtained when acety]- 
choline was added to the bath. It was unable to imitate the effect of the 
anticholinesterases and to abolish or reverse the motor response to adrenaline. 
Nevertheless, it would be difficult to explain the effects of anticholinesterases 
and of atropine on the adrenaline response by anything other than an acety]- 
choline antagonism. Consequently, one would have to assume that acetyl- 
choline, when produced inside the intestinal wall, probably in very close 
contact with the reacting smooth muscle cells, can affect the adrenaline 
response but is unable to produce this effect when acting from the outside, 
namely from the bath. 

On the assumption that endogenously produced acetylcholine antagonizes 
the motor response to adrenaline, we could explain not only why atropine 
potentiates the adrenaline response of the terminal part of the guinea-pig 
ileum but also why atropine has no such effect on the motor response of certain 
other types of smooth muscle, e.g. the blood vessels (Wehland, 1922), the 
urinary bladder (Mellanby & Pratt, 1939), the heart and the uterus (Backman 
& Lundberg, 1922), the nictitating membrane (Bussell, 1940). It is believed 
that, in these organs, there is no continuous release of acetylcholine such as 
occurs in the intestinal wall. 

It is interesting to note in this connexion that experiments have been 
described in which the inhibitory response to adrenaline of intestinal prepara- 
tions has apparently been reversed by anticholinesterases. Such an effect with 
eserine was found in the intestine of the dog (Heinekamp, 1925) and of the 
rabbit (Chakrabarty, 1949). The addition of eserine was also found to modify 
the adrenaline inhibitory response of the guinea-pig’s uterus (Agar, 1940). 
Mention may also be made of observations by Granberg (1926), who found that 
eserine reversed the motor response of the blood vessels and the uterus of the 
rabbit. But rather large doses of eserine were used in these experiments. 
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SUMMARY 

1. The terminal segment of the guinea-pig’s ileum gives a motor response 
not only to adrenaline but also to noradrenaline and to neosynephrine. 

2. The motor responses to adrenaline and to noradrenaline are abolished or 
reversed by anticholinesterases but not by acetylcholine or by histamine. 

3. Atropine potentiates the motor response to adrenaline and prevents the 
reversal by anticholinesterases. 2 

4. Paralysis of the ganglionic cells by tetraethylammonium or inactivation 
of the nervous elements in the intestinal wall by cooling does not prevent the 
motor response to adrenaline. 

5. It is concluded that the motor response to adrenaline is independent of 
nervous elements in the intestinal wall, is not associated with a release of 
acetylcholine or histamine by adrenaline, but is a direct smooth muscle 
stimulating action which adrenaline exerts on this special region of the small 
intestine. The effects of anticholinesterases and of atropine on the motor 
response to adrenaline are explained on the assumption that the motor effect 
of the acetylcholine produced in the intestinal wall acts antagonistically 
towards the adrenaline response. 


I wish to express my thanks to Prof. R. J. 8S. McDowall for his interest in this work. My thanks 
are also due to Messrs Parke Davis and Co. for providing the adrenaline chloride used in the 
experiments. | 
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A METHOD OF SECRETIN ASSAY 


By J. E. C. DORCHESTER anp R. E. HAIST 
From the Department of Physiology, University of Toronto, Toronto, Canada 


(Received 28 February 1952) 


In 1902, Bayliss & Starling showed that the intravenous injection of an acid 
extract of the duodenal mucosa of dogs produced an increased flow of pan- 
creatic juice. They further demonstrated that the effect was humoral and 
depended on an active principle in the extract which they called secretin. 

Several different methods for the assay of secretin have been reported. Ivy 
and his co-workers (Ivy, Kloster, Drewyer & Lueth, 1930) suggested a method 
based on a dog unit, which they defined as the amount of secretin required to 
produce a 10-drop increase in pancreatic secretion over the basal level in 
10 min when injected intravenously into dogs. Wilander & Agren (1932) 
proposed a cat unit which depended upon the titration, with 0-1 Nn-acid, of the 
alkaline juice collected on a piece of filter-paper placed in the duodenum 
opposite the pancreatic duct. Burn & Holton (1948) prepared an acetone-dried 
powder from duodenal mucosa which yielded a potent secretin upon acid 
extraction, This extract gave a straight-line relationship between dosage of 
extract and response, in cats anaesthetized with chloralose. They suggested the 
_ use of this acetone-dried mucosa powder as a standard and the straight-line 
response relationship as the basis for an assay. Gershbein, Wang & Ivy (1949), 
using dogs, developed a method involving the ratio of dosages of standard to 
unknown yielding the same number of drops of pancreatic juice in a 10 min 
interval. Another method, outlined by Friedman & Thomas (1950), compared 
the dose-response curves obtained when alternate doses of unknown and 
standard solutions of secretin were given to dogs. 

A study of the relationship between the dose of secretin and the pancreatic 
response in rabbits anaesthetized with urethane indicated that the dose- 
response. curve was linear throughout part of its range, but several factors 
could interfere. 

In rabbits anaesthetized with urethane, a progressive diminution of response 
to repeated injections of equal doses of secretin was observed. Thus the response 
to 03 ml. of a solution made according to the method of Burn & Holton 
changed progressively from 26 for the first injection to 11 drops for the seventh 
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injection. This procedure was repeated several times with secretin obtained 
from Wyeth & Co. and the extract of mucosa prepared according to the 


method of Burn & Holton. In each experiment the reduction in response was 
noted. | 
Further investigation revealed that this phenomenon could be modified 
somewhat by careful control of the depth of anaesthesia, and the duration of 
the experiment. The anaesthetic employed was also found to be important, 
sodium amytal giving the best results. 

These observations, coupled with the fact that there was a marked variation 
in response from animal to animal, suggested the need for some experimental 
‘procedure which would minimize the effects of the interfering factors. The 
Latin square experimental design, which Bliss & Marks (1939a, b) have shown 
to be satisfactory for the assay of insulin, was accordingly tried. 


MATERIALS AND METHODS 

Rabbits weighing 2-3 kg, fasted for 48 hr, were injected intravenously with 50 mg sodium 
amytal/kg body wieght. It was usually necessary to deepen the anaesthesia with ether while the 
incision through the body wall was being made, but the ether was discontinued as soon as possible 
so that its effects had worn off by the time the operation was completed. The animals were kept in 
a lightly comatose state throughout the remainder of the experiment by the intramuscular 
injection of an additional 50 mg sodium amytal. Occasionally it was necessary to give intravenous 
amytal, but this was avoided if possible, since alterations in the depth of anaesthesia were reflected 
in the pancreatic response to secretin. | 

An upper right rectus incision was made, the ascending arm of the duodenum exposed, and the 
pancreatic duct cannulated with a 10-12 cm polythene tube having an inside diameter of 0-6 mm. 
To avoid subsequent kinking, the portion of duodenum and pancreas including the duct was left 
outside the body cavity, covered with a thick pad of gauze soaked in saline and its temperature 

maintained by means of a lamp. 
The free end of the polythene tubing was inserted into the central glass tube of a simple drop 
recorder so that it was placed immediately above two closely spaced copper electrodes connected 
to two 45 V B batteries and a relay. The relay was connected to four 1-5 V dry cells operating a low 
voltage signal magnet which marked on a long slow-moving kymograph paper. Four such recorders 
were used. 

Lyophilized secretin, obtained from Wyeth and Co., was diluted to 2 clinical units/ml, and used 
as the standard throughout the experiments. 

The response was taken as the total number of drops of pancreatic juice produced in the 30 min 
period following the injection of the hormone, the flow being allowed to return to its initial level 
between injections. 

As previously stated, Burn & Holton (1948) reported a linear relationship between dose of 
secretin and pancreatic response using cats, while Greengard, Stein & Ivy (1941) with dogs showed 
the relationship to be a sigmoid curve. In the rabbit it was found that log. dose plotted against 
response gave a straight line over a wide range. Secretin was tested at four different levels, 0-20, 
0-28, 0-40 and 0-56 ml of a solution of 2 units/ml. As can be seen, each succeeding dose is ,/2 times 
the preceding one. 

Four by four Latin squares were designed so that each animal was given each amount once, and 
each amount was given once in each of the four possible orders. Three such squares were completed 
for a total of twelve rabbits, and the results were analysed to ascertain the dosage-response 


relationship. 
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RESULTS | 
The experimental results for the three. Latin squares are given in Table 1. 
Each square was analysed separately, as well as the combined square, and in 
each instance it was found that a straight line best expressed the relationship 
between log. dose.of secretin and response. From the sum of the responses for 
each amount. of the hormone given, the average responses were obtained, and 
plotted against the log. of the dose of secretin, as shown in Fig. 1. The standard 
deviation of the random component of a single observation, derived from the 
combined square, was 1-6 drops, while the slope of the line (Fig. 1, regression of 


Pancreatic response in drops 


0-30 0-45 0-60 075 
Log. dose X10 


Fig. 1. Average responses to graded doses of secretin from twelve rabbits (Table 1). 


TaBLe 1, Combined results of three 4 x 4 Latin squares testing the pancreatic response in rabbits 
to graded amounts of solutions of crystalline secretin 


D =the dose in ml. of secretin solution; 2 =the response in number of drops of pancreatic juice 
produced in the 30 min period following the injections. 
Rabbit... 1 2 3 4 5 6 7 8 


D 0:28 0-40 0:20 0:56 0-40 0:56 0:20 0:28 0:56 0:28 0-40 0-20 

D 0-40 0:20 0-56 0-28 0:20 0-28 0-40 0:56 0:20 0-40 0-56 0-28 

D 0:20 0-56 0-28 0-40 0:28 0:20 0:56 0-40 0:28 0:56 0:20 0-40 

D 0-56 0-28 0-40 0:20 0:56 0-40 0:28 0-20 040 0:20 0:28 0-56 

Total 


59 76 68 49 9% 55 80 45 820 
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response on log. dose) was 16. This gave a value of 0-10 for A, the ratio of the 
standard deviation to the slope, and indicated that a high degree of precision 
could be expected from an assay based on these relationships. 

Having established this basic linear relationship, an actual assay was 
carried out in which two different dilutions of the same secretin solution served 
as standard and unknown. The two-level assay was used, since this is usually 
considered to be more efficient than the one-level type. In the former, both 
the unknown and the standard solutions are given at two different dose levels. 
The usual procedure is to determine the approximate strength of the unknown 
by a process of trial and error, and then to administer it in doses approximately 
equal to the doses of the standard being employed. It is necessary that the 
ratio of low senaauiites to aa unknown equal the ratio of low standard to high 
standard. 


“ae 2. Results of three 4 x4 Latin squares assaying the relative potency 
of two solutions of secretin 


D=the dose in ml. of secretin solution; R =the response in the number of drops of pancreatic 
juice produced in the 30 min period following the injections. 
S, =0-56 ml. standard U, =0-56 ml. unknown 
S,=0-20 ml. standard U,=0-20 ml. unknown 
Rabbit...13 114 15 16 21 22. 2 2 


R 50 30 2% 48 30 57 35 42 54 32 25 72 505 
R 62 Sl 48 '56 36 38 88 34 32 46 483 
R ‘39 19 39 75 33 42 27 39 45 22 68 488 
R % 19 42°70 C488 
Total 186 99 131 236 132 181 156 132 186 154 114 2371,944 
TaBLz 3. Summary of analysis of results in Table 2 
8.D. of Relative Error of 
single potency estimation 
observation Slope A (%) (%) 
Squarel 0-100 121 3-2 
Square 2 2:7 28-8 0-094 119 
Square 3 3-3 34-2 0-095 126 +08 
Average 33 34:3 0-096 122 24 


In this part of the work two solutions of different strength of the lyophilized 
product of Wyeth and Co. were used as standard and unknown. The standard 
solution had a potency of 2 clinical units/ml., while the unknown had a potency 
of 2-5 clinical units/ml. or was 25° more potent than the standard. Two doses 
of each solution were used, the injections in each case being 0-2 and 0-56 ml. of 
solution. Knowing the relative potency of unknown and: standard it was 
possible to check the accuracy of the assay. 
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Three 4x4 Latin squares were set up for a total of twelve rabbits. The 
results of each square were analysed and the relative potency of unknown to 
standard established. Table 2 gives the responses produced by the secretin 
injections for the three Latin squares. The data were analysed and the relative 
potencies for each square and the average calculated. Table 3 gives a summary 
of the analysis, and Fig. 2 shows the average dosage-response curves se the 
standard and unknown for the three squares. 


01 es0p “307 
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7 
Fig. 2. Average dosage-response curves for standard and unknown for twelve rabbits (Table 2). 


DISCUSSION 
A reduction in the pancreatic response to repeated doses of secretin was 
observed in the rabbit. Wang, Grossman & Ivy (1948) noted a similar effect in 
the dog. On the other hand, Friedman & Thomas (1950) report an increased 
sensitivity to repeated injections in dogs. Whatever the variation is, as long 
as it occurs it would seem necessary to make provision in the assay procedure 
for minimizing its effect. Hence more than one animal would be required for 
each test. Under the circumstances, the Latin square design, or some variant 

of it, affords an efficient use of animals and materials. 
The experiments already discussed demonstrate the accuracy with which 
secretin may be assayed, using the Latin square design. The sensitivity of the 
system might be increased by reducing the size of drops from the pancreatic 


cannula and by increasing the number of animals used in the assay of the 
unknown material. 
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Even without these refinements, the precision of the assay compares very 
favourably with a number of graded-response assays of materials other than 
secretin, as is shown by comparing the A values obtained with those listed in 
Bliss & Cattell (1943). The errors of estimation obtained in the experiments are 
somewhat less than those that could be predicted from the data. Thus the 
expected standard error of estimation for four rabbits is 10-3%, eight rabbits 
7-1%, twelve rabbits 6-4°% and twenty-four rabbits 4-5° 

Another useful feature of the method is that it also may indicate differences 
in purity in the substances under consideration. Providing that the responses 
of the standard and unknown fall within the same range on the dosage-response 
curve, a significant lack of parallelism between the two could be taken as 
evidence of a difference in the purity of the materials. 


SUMMARY 
1. Inrabbits a straight-line relationship between log dose of secretin injected 
and pancreatic response has been demonstrated. 
2. This has been made the basis of an assay method, using rabbits as the 
test animals and a Latin square design. 
3. The precision of this procedure is indicated. 


We are grateful to Prof. C. H. Best for his continued interest in the problem, and to Mr D. B. W. 
Reid of the Department of Epidemiology and Biometrics, University of Toronto, for his valuable 
advice and help with the statistical aspects of this work. We also wish to thank the Banting 
Research Foundation and the National Research Council of Canada for their support. 
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THE SECRETIN CONTENT OF THE INTESTINE IN 
NORMAL AND HYPOPHYSECTOMIZED RATS 


By J. E. 0. DORCHESTER ann R. E. HAIST 
From the Department of Physiology, University of Toronto, Toronto, Canada 


(Received 11 March 1952) 


The gastro-intestinal endocrine structures have been considered to be indepen- 
dent of other endocrine glands and not interrelated with them in activity 
(Grossman, 1950). Because of the very definite atrophy of the pancreas that 
occurs after hypophysectomy, and the known relationship between certain 
intestinal hormones and pancreatic function, it. was felt that the influence of 
the pituitary gland on the levels of those intestinal hormones which affect 
pancreatic secretion should be investigated. Both the secretin and pancreo- 
zymin mechanisms were considered. Sincesecretin could bestudied morereadily, 


it was decided that this should be examined first. Experiments were therefore 
undertaken to determine the effect of hypophysectomy on the level of secretin 


in the intestine of the rat. 


| MATERIALS AND METHODS 
In the experiments to be reported, intestinal extracts were prepared by a slight modification of 
the method of Luckhardt, Barlow & Weaver (1926). 

Wistar and Sprague-Dawley rats were the test animals. Immediately after sacrifice by decapi- 
tation, the entire small intestine from the pylorus to the ileocolic sphincter was removed and 
washed through with cold water. One end of the gut was then clamped and filled with 0-15 n-HCI, 
and the other end clamped. The acid was allowed to remain in contact with the mucosa for 20 min, 
after which it was drained out into.a beaker and the gut refilled with fresh 0-15n-HCl. After a further 
20 min, the second extract was drained into the first. The intestine was then washed through with 
a few millilitres of the acid, and the washings added to the extract. 

The total solution was heated quickly to 85° C and brought to a pH of 5-3-6 with 1-0 n-NaOH. 
This precipitated the protein matter which was filtered off under suction. The filtrate was acidified 
with HCl to a pH of about 2 and evaporated down to 5 or 6 ml. in an evaporating dish over a low 
flame. The temperature of the solution was not allowed to rise above 85° C. The residue was placed 
in a small flask, frozen quickly and kept frozen until required. Before use, the crude secretin 
solution was thawed, neutralized to a pH of 6-2 and made up to a volume of 10 ml. by the addition 
of distilled water. Such solutions were found to be active in doses as small as 0-5 ml. 

In most of the experiments, in order to have enough material with which to work, two rats 
were used for each test solution. 

Acetone-dried extract of hog mucosa, prepared as outlined by Burn & Holton (1948) served as 
the standard for these tests. The activities of the unknown solutions were compared with the 
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activities of solutions of this standard powder, the activity of each unknown then being expressed 
in terms of milligrams of the standard material. 

Rabbits were used as the assay animals, the procedure employed being a canard modifi- 
cation of the method described by Dorchester & Haist (1952). In the present experiments, two 
doses of standard, a high dose and a low one were given, to establish the dose-response curve. 
One dose of each unknown or test solution was administered in such quantity that the 
response would fall between those obtained with the standard solutions. The strength of the test 
solution could then be calculated from the standard curve, and expressed in terms of mg of stan- 
dard mucosa powder. All the other features of the Latin square design for the assay as previously 
outlined were retained. Although some accuracy may have been lost by this procedure as 
compared to the two-level type of assay, the fact that it allowed one test and one control solution 
to be assayed against the standard under as nearly identical conditions as possible, outweighed 


RESULTS 

Reproducibility of results 
A series of experiments on normal Wistar rats was undertaken in order to test 
the reproducibility of results using the methods outlined. Twenty rats were 
divided into five groups of four, the rats in each group showing variations in 
body weight of not more than 6 g. Each group was then split into two pairs, 
and the secretin extracted from the intestines of each pair of rats. The two 
secretin solutions thus obtained were assayed against the standard in the 
same 4x4 Latin square, in this way affording a direct comparison of their 
activities. The results were expressed as the percentage difference in activity 
between the two extracts, The results are recorded in Table 1 which shows that 
the average value of this difference was 5%. This was considered to be 
satisfactory in view of the fact that this includes variation due to the assay 
technique, extraction procedure and animal to animal differences. 


The reproducibility of resulta as estimated from pairs of normal rats 


Difference in 
Average weight activity between 
of each rat _—pairs (i.e. between 


‘No. rats used of pair solutions) 

(g) (%) 

2 212-6 

2 213-5 10-62 

2 129-5 

2 131-5 

2 133-5 

2 135-5 06 

2 1375 

139-5 on 

133-0 

2 139-0 — 

20 Total 26-41 
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Effect of body weight 
A second series of experiments on normal Wistar rats was completed to 
determine the effect of size of the rats on the amount of extractable secretin. 
Twenty rats were divided into five groups of four, each group being composed 
of one pair of large rats and one pair of small rats. The secretin extracts were 
prepared and assayed as before, the activity being aaured as equivalent to 
that of a weight (in mg) of the standard powder. 


Total activity Activity/g intestine Activity/100g 
body weight 


Secretin activity in mg standard powder 


So 


; 
No. rats 10 10 10 10 10 10 
Fig. 1. The effect of age on the secretin content of the intestine of the rat. 


The findings are recorded in Table 2. Statistical analysis reveals that there 
is no significant difference in the total amount of secretin extractable from the 
intestines of large and of small rats. This being so, the ratio of secretin to body 
weight must decrease in the larger rats and, since the intestine has grown, the 
concentration of secretin in the intestine of the larger rats is lowered also. The 


TaBLE 2. The effect of the size of the rat on the secretin content of the intestine, 
expressed in terms of mg of standard powder 


weight Average weight 
ofeach rat Total activity ofintestine  Activity/g dried 
of pair perratinmg (dry) per rat weight of Activity/100 g 


(g) mucosa ) powder (g) intestine body weight 
Large Small "Large Small Small Large Small Large Smal! 


361 149 378 35-6 1-16 16-1 30-7 10-5 23-9 


| 


a 

; 291 160 57-0 57-0 1-77 1-06 32-2 53-8 19-6 35-6 

266 136 41-0 31-3 1-7] 0-86 24-0 36-4 15-4 23-0 

E 295 122 47-4 47-4 2-05 1-22 23-1 38-9 16:1 38-9 
Total 1486 733 243-3 225-3 9-92 566 1249 190-5 83-6 153-9 
q Mean 297 147 48-7 45-1 1-98 1-13 25-0 39-9 16-7 30-8 
4 4:4 5-0 — — 2-8 3-8 2-0 3:2 


SECRETIN CONTENT OF INTESTINE 191 


results show a significant decrease in the concentration of secretin in the 
intestine of large as compared to small rats. This is evident in Fig. 1. 


Effect of hypophysectomy 

The effect of hypophysectomy on the secretin levels in rats was studied next. 
For this part of the work hypophysectomized rats and normal intact controls 
of the Sprague-Dawley strain were used. Immediately upon arrival at the 
laboratory (approximately 10 days after operation) each animal was paired 
with a normal rat of approximately the same weight, which served as its 
} control. This control was pair-fed with the hypophysectomized animal through- 
out the experiment. The animals were placed in individual cages and main- 
tained on a diet of ground Fox Breeder Ration for a period of at least 4 weeks 
before sacrifice. 

In most instances two hypophysectomized rats and their pair-fed controls 
were sacrificed at one time, the intestines of each pair being pooled for 
extraction. The two secretin extracts from the pairs of rats were then assayed 
in the same 4x4 Latin square. Owing to deaths in the hypophysectomized 
groups, it was sometimes necessary to use secretin solutions prepared from the 
intestine of one rat. 

In all, thirteen assays were completed, involving twenty-four hypophys- 
ectomized rats and their pair-fed controls. The results are presented in Table 3. 


TaBLE 3. The effect of hypophysectomy 


The secretin levels in hypophysectomized rats and their paired-fed controls are presented in this 
table. The total secretin in the intestine, secretin/100 g body weight and secretin/g of dried intes- 
tine are shown. These reqults are expressed in terms of activity equivalent to a weight in mg of 
the standard mucosa powder. 

R— Potency of test extract / intestinal weight (test) 
potency of control / intestinal weight (control) 


Total Activity/100 dried Activity/g __ tive 

t  activity/rat in dried intestine poten 

(g) mg standard _ standard mg standard _(%) 


Totals 1584 1923 381-4 693-9 339-7 480-5 9-935 11-471 519-6 8018 
Means 118 148 29:3 534 26:1 37-0 aes 0-882 400 61:7 
8.E. 30 26 35 24 45 36 


H, hypophysectomized ; C, control rats. 


| | 

130 182 49-4 60:5 380 332 0-773 0-930 639 651 81-7 0-983 ; 
136 188 148 41-8 10-9 222 0-910 0-900 163 464 35-4 0-350 
132 169 37-1 506 281 29-9 0-825 0-895 45:0 565 73:3 0-795 | 
126 127 22-6 378 17:9 29-8 0-795 0-780 284 485 598° 0-587 | 
98 120 30-9 60-2 31-5 50-2 0-648 0-679 47-7 887 51:3 0-537 
107 154 398 55-6 37-2 361 0-751 0-751 530 740 71-6 0-716 | | 
84 130 40-8 51-1 486 368 0-632 0-721 646 70:9 798 0-910 | | 
126 142 20-6 602 163 424 0-630 0-870 32:7 692 342 0-472 | | 
126 126 142 47-4 11-3 376 0800 1035 178 458 30-0 0-388 ; 
142 151 192. 594 135 393 0-915 1-130 210 526 32:3 0-399 
125 167 253 47:3 20:2 283 0-960 0-990 262 478 53:5 0-552 i 
104-128 30-1 28-9 50-2 0-648 0-933 465 688 468 0-675 | 
98 130 366 57-8 37:3 44-5 0-648 0857 563 67:4 63:3 0-837 | 

131 — 
| 
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In this table the results are expressed in two ways: (a) as activity equivalent 
to that of a weight of standard mucosa powder (in mg); (b) as the relative 
potency of the secretin solutions obtained from hypophysectomized rats and 
their pair-fed controls. The average values for control and hypophysectomized 
rats are compared in Fig. 2. From Fig. 2 and Table 3, it is evident that in 


Total activity  Activity/g intestine Activity/100g. 
body weight 
60 
50 
3 
E 
> 30 
> 
29 : 
3 19 
0 
No. rats 21 21 21 21 21 21 


Fig. 2. The effect of hypophysectomy on the secretin content of the intestine of the rat. 
H, hypophysectomized ; C, control rats. 


hypophysectomized rats the total amount of secretin in the intestine is much _ 
less than in pair-fed control animals. This difference is highly significant — 
(P<0-001). The values for the secretin activity/g dried intestine and the 
secretin activity/100 g body weight also are significantly less in the hypo- 
physectomized as compared to the pair-fed control animals. The calculations 
of relative potencies show too that these differences between the hypophys- 
ectomized and control rats are highly significant (P < 0-001). 


DISCUSSION 

The first interesting observation in these experiments is that the total amount 
of extractable secretin does not change with body weight (age) within the 
limits tested, but that the concentration of secretin in the intestine diminishes 
as the animal becomes larger. Whether this is due to a failure of growth of the 
structures elaborating secretin or to a reduction in the concentration of secretin 
per unit of secreting structure is not known. In the heavier animal, too, there 
is less secretin per unit of body weight. This may reflect a relatively greater 
need for secretin during the early rapid growth period. This does not necessarily 
follow, however, since the amount of extractable secretin is only a measure of 
the amount of the hormone available within the mucosa at the time of death, 
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which does not necessarily indicate the activity of the structures concerned. 
Thus variations in the secretin requirements of the organism could be met by 
concomitant variation in the production and release of the hormone, and this 
would not necessarily be reflected by changes in the amount of extractable 
secretion. | 
The fact that the total amount of secretin does not change with age or size 
in normal rats makes it probable that this measurement is independent of 
differences in body weight between control and test animals which may develop 
as a result of the particular experimental procedure. 
Some of the variation in results within a given group, observed in our 
experiments, may be attributable to variations in the standard material. It 
was difficult to prevent some variation in the potency of different small 
samples of the standard mucosa powder. The use of commercial secretin did 
not remedy the situation completely. However, despite the variation, statistical 
analysis of the results given in Table 3 reveals that not only is the total amount 
of secretin in the gut much lower in hypophysectomized rats, but also the 
concentrations per unit of intestine and per unit of body weight are also 
significantly reduced as compared to control animals receiving the same 
caloric intake (P< 0-01). In view of the fact that the pair-fed control animals 
were slightly larger than the hypophysectomized rats, the reduction in the 
concentration of secretin in the intestine of the hypophysectomized rats is 
even more significant than it first appears. 
One acceptable criterion for differences in the level of secretin is the relative 
potency, since it does not depend on a reference standard. It represents 
differences in the actual responses of the pancreas produced by the secretin 
obtained from the hypophysectomized rats and that obtained from the pair-fed 
controls, as measured in the same 4 x 4 Latin square. The pancreatic response _ 
is proportional to the amount of secretin injected. As can be seen from — 
Table 3, the relative reduction in secretin in the hypophysectomized animals 
was about 45%. If this change in potency is related to a change in intestinal 
weight or body weight, then the ratios 


potency of test extract J intestinal weight (test) 
potency of control an intestinal weight (control) 


should be similar. Hence, if the relative potency is divided by the relative 
intestinal weight or relative body weight, the ratio should be 1-0 if the change 
in intestinal secretin is correlated with differences in the intestinal weight or 
body weight. The ratios of relative potency to relative intestinal weight 
obtained in the experiments are shown in Table 3. In every instance the 
ratio is less than 1. This indicates that the reduction in secretin in the 
hypophysectomized rats is out of proportion to any change in intestinal 
weight. Statistical analysis indicates that this difference is highly significant 
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(P<0-001). In the section on experimental results it was pointed out that the 
differences between hypophysectomized and control rats in terms of total 
secretin per intestine, or of secretin per g of intestine, or per 100 g body weight, 
were also significant. Thus, no matter how the differences between hypo- 
physectomized rats and controls are treated, they appear to be very significant. 
It is concluded, therefore, that hypophysectomy causes a very definite 
reduction in the amount of secretin that can be extracted from the intestine 
of a rat. 

Studies on other endocrine glands have indicated that hypophysectomy is 
followed by atrophy of those structures over which the pituitary exerts a trophic 
influence. The reduction in the total amount of secretin in the intestine 
suggests a pituitary trophic influence on those endocrine cells in the intestine 
responsible for the elaboration of secretin. Those structures have not been 
identified as yet, hence it is difficult to know whether the reduction im secretin 
is due to atrophy of the secretin-producing structures or to a disproportion 
between production and liberation of secretin by them, i.e. reduced production 
or increased liberation, or both. Since reduction in the secretin content or 
concentration in the intestine does not necessarily indicate reduction in the 
secretin-producing tissue, a pituitary trophic influence is suggested rather than 
established. Also, it is not known whether or not the pituitary exerts its 
influence directly or indirectly on the secretin-producing cells. Much remains 
to be determined concerning the possible mechanisms involved in these 
changes in intestinal secretin. Nevertheless, they demonstrate that not all the 
gastro-intestinal endocrine structures are self-regulating entities and that at 
least one of these is greatly influenced by pituitary activity and hence is 
related intimately with other endocrine systems in the body through the 
pituitary gland. 

SUMMARY 


1. The secretin content of the intestine has been estimated in normal and 
hypophysectomized rats. 3 

2. The activities of acid extracts of the intestines of control and test rats 
were compared, and related to the activities of solutions of a standard mucosa 
powder, using a 4x 4 Latin square design in the testing procedure. 

3. In normal rats, the total amount of secretin did not change with the age 
(size) of the animals, but the amount per unit of intestinal weight and body 
weight decreased with age. 

4. A significant reduction in the amount of extractable secretin was 
observed in hypophysectomized rats as compared with pair-fed controls. The 
differences were significant in terms of total activity, activity per gram of 
dried intestine, activity per unit of body weight, and relative potency. 

5. It is concluded that the pituitary exerts an influence on the secretin- 
producing structures of the intestine in the rat. 
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REFLEX ACTIVITY IN ABDOMINAL AND 
LIMB MUSCLES 


By MARY CHENNELLS anp W. F. FLOYD 
From the Department of Physiology, the Middlesex Hospital Medical School, 
London W.1 


(Received 25 March 1952) 


Fulton (1949) states that the recti abdominis contract reflexly when the lower 
intercostal nerves supplying the skin of the abdomen are stimulated. He also 
states that stimulation of certain sensory nerves in the leg produces contraction 
of the abdominal muscles in association with the flexor response. Miller (1924), 
Miller & Simpson (1924) and Miller & Waud (1925a, 6), using the decapitate 
cat with mechanical recording, showed that electrical stimulation of the cut 
central ends of visceral nerves evoked reflex contractions of the abdominal 
wall, diaphragm and limb muscles. Similar reflexes were obtained by 
mechanical stimulation of abdominal viscera. 

In man it is well known that the abdominal muscles contract in conditions 
of visceral irritation, and there is often involvement of hip and leg flexor 
muscles. In these conditions also the abdominal reflexes are more readily 
evoked (Mackenzie, 1920). 

In this paper we describe the electromyographic response elicited in the 
abdominal and some limb muscles of the cat and rabbit in response to various 
afferent stimuli. A preliminary account of some of our results has already been 
published (Chennells & Floyd, 1951). 


METHOD 


Cats under chloralose anaesthesia (80 mg/kg body weight) and under pentobarbitone sodium 
anaesthesia (50 mg/kg body weight) and a few cats and rabbits under allobarbitone (B. P.C.) 
anaesthesia (0-6 ml./kg body weight) were used in these experiments. 

The abdominal muscles of the cat and the rabbit are innervated by branches of the intercostal 
and lumbar nerves, chiefly T 13 (T 12, rabbit) and L1-3. A longitudinal skin incision, made over 
the ventral edge of the back muscles, reveals the cutaneous branch of the nerve, running towards 
the mid-line and supplying the skin of the abdominal wall; by cutting down on the external 
oblique muscle, the bifurcation of the nerve into cutaneous and muscle branches is revealed. The 
muscle branch runs caudad, roughly parallel to the line of the vertebral column, and supplies the 
external oblique, internal oblique and rectus abdominis muscles. 
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The cut central end of one of the cutaneous nerves of T13-L4 or of the popliteal, femoral, 
saphenous or splanchnic nerves was stimulated electrically and the resultant reflex responses in 
the external oblique, internal oblique, rectus abdominis, quadriceps femoris, sartorius and anterior 
tibial muscles were studied by recording muscle action potentials. 

The muscle action potentials were picked up by concentric needle (CN) electrodes (Adrian & 
Bronk, 1929) and sometimes by belly-tendon (B/7') leads (consisting of two needles inserted into 
the muscle). The action potentials were amplified by resistance-capacity coupled push-pull 


so that each sweep appeared as an oblique line across the recording paper with the action potential 
deflexions parallel to the direction of movement of the paper (Chennells, Floyd & Wright, 1949). 

The stimulator used was that described by Ead (1951). An isolating transformer was connected 
between the output terminals and the stimulating electrode. 


RESULTS 


The reflex contractions of the abdominal muscles obtained in these experi- 
ments will be considered under three headings: first, reflex responses evoked 
by stimulation of an abdominal nerve; secondly, those evoked by limb nerve 
stimulation; and thirdly, inhibition of abdominal and leg muscle reflexes 
during stimulation of both an abdominal and a limb nerve. 


I. Reflex contractions of abdominal muscles evoked by stimulation of 
| an abdominal nerve 

Electrical stimulation of the central end of the cutaneous branch of one of 
the nerves T13—L3, already described, evoked reflex contraction of the 
abdominal muscles. The muscle action potential discharge, in response to 
single maximal afferent volleys, consisted of a main wave representing a 
relatively synchronous firing of the motor units followed by subsidiary waves | 
of @ more asynchronous nature. This is illustrated in Fig. 1 (column 1), in 
which the discharge recorded with belly-tendon leads lasted some 100 msec. 
Concentric needle recording is illustrated in Fig. 2 (column 1). | 
With deep chloralose anaesthesia the reflex response is brief and is oni . 
to the ipsilateral internal and external oblique muscles. As the anaesthesia 
lightens there is prolongation of the response, and the reflex spreads to involve 
the contralateral oblique muscles, the recti abdominis and sometimes muscles 
of the lower limb (quadriceps; sartorius). 
The latencies of the reflex responses to single maximal afferent volleys as 
measured from the stimulus artifact to the first main deflexion of the muscle 
action potential were of the order of 10-15 msec for abdominal muscles and 
25 msec for leg muscles. 
Effect of frequency and strength of sian With supra-maximal stimula- 
tion at frequencies greater than 1 per sec there was often reduction in the 
amplitude and increase in the latency of the reflex responses to volleys sub- 
sequent to the first volley of a stimulus burst of duration up to 10 sec. This 
reduction was greater the higher the frequency of stimulation, and, in the 
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fimit, only a single initial response was obtained at the commencement of the 
burst, and thereafter silence. This is illustrated in Fig. 1 for stimulation of an 
intercostal nerve (T'13: B/T electrodes), and in Fig. 2 for a lumbar nerve (L1: 


CN electrodes). 

a 
sec 

sec 

= 

| Fig. 2. 


Fig. 1. Electromyograms (B/T' electrodes) from external oblique m.:reflex responses to stimula- 
_. tion of ipsilateral intercostal n., cutaneous branch, at frequencies (F) 1, 10, 20, 50 and 100 per 
sec. Time of sweep: 40 msec. The records in Figs. 1-5 have been traced. 
Fig. 2. Electromyograms (CN electrodes) from external oblique m. : reflex responses to stimulation 
of ipsilateral lumbar n., cutaneous branch, at frequencies (F') 1, 2, 5 and 10 per sec. Time of 
sweep: 40 msec. 


_ The non-maintenance of the reflex response at higher stimulation frequencies 
was influenced mainly by the level of anaesthesia. With deep anaesthesia, only 
an initial response was obtained at all strengths of stimulation. With lighter 
anaesthesia the reflex response was better maintained, to an extent partly 
dependent on the strength of the stimulus. At any given level of anaesthesia 
and strength and frequency of stimulation, the maintenance of the response 
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cord segments between the afferent and efferent pathways. The nearer to- 
gether the afferent and efferent levels in the spinal cord the better maintained 
was the reflex response. For example, with simultaneous recording from a part 
of the external oblique muscle near the costal margin and from the quadriceps 
and sartorius muscles, stimulation in succession of the cutaneous branches of 
intercostal and lumbar nerves from T 13 to L4 produced a progressive decrease 
in the maintenance of the external oblique response and a progressive increase 
in the maintenance of the quadriceps and sartorious responses. Similarly, the 
reflex response of the anterior tibial muscle to popliteal nerve stimulation was 
better maintained than the reflex response of the abdominal muscles to the 
same stimulation. 
In the decerebrate cat the reflex responses in the abdominal and leg muscles 
were fully maintained at all frequencies of afferent stimulation up to 100 per sec. 
Some hours after decerebration the response failed to be maintained at the 
higher stimulation frequencies. Administration of pentobarbitone sodium to 
the freshly decerebrated animal (50 mg/kg) resulted in a failure of maintenance 
of the reflex responses formerly present at the higher stimulation frequencies. 
At low frequencies, e.g. 1 or 2 per sec, reduction of the strength of stimulation 
sometimes resulted in phasic variation, at 6-12 per min, of the maximum 
amplitude of the abdominal muscle action potentials. This variation was not 
related to respiratory rate, nor did it appear to be an artifact due, for example, 
to electrode movement. 
Effect of mechanical stimulation. Mechanical stimulation, in the form of 
manipulation of the abdominal skin or peritoneum, was sometimes effective 
m evoking reflex contraction; a continuous discharge of motor unit action 
potentials was recorded from the abdominal muscles on these occasions 
(Fig. 5, column 1). 
Respiratory firing. Under light anaesthesia, respiratory firmg in the 
abdominal muscles was sometimes noted. Only parts of the muscles were 
active and the firing was maximal in expiration. In preparations which 
showed no respiratory firing, procedures which evoked reflex firing in the 
abdominal muscles, e.g. abdominal or limb nerve stimulation, sometimes 
induced a respiratory discharge, again maximal in expiration, the effect lasting 
several minutes and gradually dying out if the preparation was not further 
stimulated. It was also noted that the reflex response in the oblique muscles 
to popliteal nerve stimulation was facilitated at the end of each expiration. 
When a maintained reflex response of the abdominal muscles to high frequency _ 
stimulation (50 per sec) was obtained in the decerebrate cat, there was a 
rhythmic fluctuation in the discharge synchronous with respiration and 
maximal in the expiratory phase. | 
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II. Reflex contraction of abdominal muscles evoked by stimulation 
of a limb nerve 

Stimulation of the central end of the cut femoral or popliteal nerves piohed 
a reflex contraction of the abdominal muscles only when the anaesthesia was 
light. The muscle action potential discharges were similar to those evoked by 
abdominal nerve stimulation but with longer latency, of the order of 30 msec. 
The latency of the ipsilateral flexor reflex evoked in the anterior tibial muscle 
by the same stimulus was of the order of 15 msec. It was unusual for stimula- 
— tion of the saphenous nerve in the thigh to evoke an abdominal muscle reflex 
response, but limb flexion was usually seen. A small positive result was 
obtained with the saphenous nerve in the decerebrate animal. 

This reflex response of the abdominal muscles to limb nerve stimulation 
was affected by frequency of afferent stimulation in the same manner as the 
response to abdominal nerve stimulation already described in §1, the reduction 
in action potential amplitude with successive volleys of a burst tending to 
occur at a lower frequency of stimulation, e.g. 1 per 2 sec or 1 per sec. 

We have also observed short bursts of firing in the abdominal muscles 
accompanying the knee-jerk. The respiratory firing induced in the ————- 
muscles with limb nerve stimulation was described in §1. 


III. Inhibition of abdominal and limb muscle veflene during stimulation 

of both an abdominal and a limb nerve : 

The reflex contraction evoked in the abdominal muscles in response to 
stimulation of the central end of a lumbar cutaneous nerve at frequencies of 
1 or 2 per sec was inhibited during stimulation of the central end of the 
ipsilateral popliteal nerve. This inhibition occurred under the following 
conditions: (a) with high frequency stimulation of the popliteal nerve, e.g. 
20 per sec, such as on its own gave an ‘initial only’ type of response in the 
abdominal muscles; (6) with low frequency stimulation of the popliteal nerve, 
when the responses in the abdominal muscles due to stimulation of the 
popliteal nerve were present but those due to lumbar nerve stimulation were 
inhibited. 

On removal of the popliteal nerve stimulation, the ‘cutaneo-abdominal’ 
reflex returned, either immediately or after a delay of one response. The 
minimal effective frequency of popliteal nerve stimulation to produce this 
inhibition was 1-2 per sec. These results are illustrated in Figs. 3 and 4. 

The belly-tendon electromyogram of the ipsilateral external oblique muscle 
shown in Fig. 3, column 1, was evoked by stimulation of the cutaneous branch 
of the 1st lumbar nerve at 1 per sec. ‘P on’, in column 2, marks the beginning 
of ipsilateral popliteal nerve stimulation at 5 per sec. L, and L, mark the 
positions in the tracing where the first two lumbar nerve stimuli occurred 
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after the onset of popliteal nerve stimulation. The inhibition of the cutaneo- 
abdominal response was complete and lasted throughout popliteal nerve 
stimulation. “P off’, in column 3, marks the cessation of popliteal nerve 


1 


bar: F=1 F=1 
iteal: Nil F=5 
Start Finish 
4 <== 
on 
—_ 
1 sec Start Finish 
Fig. 3. Fig. 4. 
3. Electromyograms (CN electrodes) from external oblique m. : reflex responses to stimulation 


Fig. 


of ipsilateral lumbar n., cutaneous branch, at frequency 1/sec inhibited during period of 
stimulation of central end of popliteal n. at frequency 5/sec. ‘ P on’ and ‘ P off’ mark beginning 
and end of popliteal n. stimulation. L,, L, mark temporal positions of first two ‘lumbar’ 
stimuli after onset of popliteal n. stimulation. L’ marks last ‘lumbar’ stimulus before cessa- 
tion of popliteal n. stimulation. L marks first ‘lumbar’ response after cessation of popliteal n. 
stimulation. Time of sweep: 40 msec. 

4. Electromyograms (CN electrodes) from external oblique m.: reflex responses to 
stimulation of ipsilateral lumbar n., cutaneous branch, at frequency 1/sec inhibited during 
period of stimulation of central end of popliteal n. at frequency 10/sec. (This latter alone gave 
an ‘initial only’ type of response.) ‘P on’ and ‘ P off’ mark beginning and end of popliteal n. 
stimulation. L,, L,, L, mark temporal positions of first three ‘lumbar’ stimuli after onset 
of popliteal n. stimulation. L,, L,, inhibited; L, breaks through. L is first ‘lumbar’ response 
after cessation of popliteal n. stimulation. Time of sweep: 40 msec. 


stimulation and L’ marks the position of the last lumbar nerve stimulus before 
‘P off’. The cutaneo-abdominal response reappeared at L with the next volley 
applied to the lumbar nerve. 
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Fig. 4, column 1, shows a concentric needle electromyogram of the ipsi- 
lateral external oblique muscle produced by stimulation of L1 (cutaneous 
branch, frequency 1 per sec). At ‘P on’, column 2, popliteal nerve stimulation — 
at 10 per sec was begun. L, and Z,, in columns 2 and 3, mark the positions of 
the first two lumbar nerve volleys after commencement of popliteal nerve 
stimulation, but the response formerly present was completely inhibited. In 
this experiment occasional break-through of the cutaneo-abdominal response 
was found. L, marks the position of the third lumbar volley and the response 
which followed it. After removal of the popliteal nerve stimulation at ‘P off’, 
the abdominal response returned (LZ, column 4). 

Stimulation of the contralateral popliteal nerve, and of the ipsilateral and 
contralateral femoral nerves gave similar results, but inhibition was rarely 
found with saphenous nerve stimulation, except in the decerebrate cat. 
Likewise, by pinching the toes, only slight, if any, inhibition of the cutaneo- 
abdominal reflex was obtained. The inhibitory action due to popliteal 
nerve stimulation was also shown against a background of reflex firing in the 
abdominal muscles evoked by manipulation of the abdominal skin or the 
peritoneum. This is illustrated in Fig. 5. Column 1 shows the maintained 
discharge in response to manipulation of the abdominal skin. At ‘P on’ 
ipsilateral popliteal nerve stimulation at 20 per sec was begun and maintained — 
for several seconds. The partial inhibition of the cutaneo-abdominal reflex 
response is seen in columns 2 and 3. Column 4 shows the return of the 
abdominal reflex, 6 sec after cessation of popliteal nerve stimulation. 

Inhibition of the cutaneo-abdominal reflex, evoked at 1 per sec, was also 
obtained when a dorsal lumbar root was stimulated in place of the popliteal 
or femoral nerves. Stimulation of the ventral roots, however, had no effect on 
the reflex. 

Reflex inhibition was not obtained during the application of synchronized 
volleys at frequencies up to 2 per sec to the lumbar cutaneous and leg nerves. 
The higher frequencies of stimulation usually gave an initial only response as 
described above—a background against which it is not possible to observe 
inhibition since there is nothing to inhibit except the initial response. In one 
cat, however, abdominal muscle reflexes were partially maintained at the 
higher frequencies, and in this animal, therefore, it was possible to study the 
effect of synchronized volleys to the lumbar and leg nerves at frequencies up 
to 100 per sec. Synchronized volleys were applied to the cutaneous branch of 
the 1st lumbar nerve and the cut ipsilateral dorsal root of L7. No inhibition 
of the abdominal reflex responses was found at low frequencies. At 10 and 
20 per sec inhibition was just noticeable, and at higher frequencies a partial 
inhibition occurred and persisted for a few seconds after removal of the dorsal 
root stimulation. When the contralateral popliteal nerve was used in place of 

the ipsilateral dorsal root of L7 similar results were obtained. With the 
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ipsilateral popliteal nerve slight inhibition was obtained at a frequency of 
50 per sec, but this small effect can be attributed to the fact that both the 
dorsal and ventral roots of L7 had already been cut. | 

Neither the limb flexor reflex response (anterior tibial muscle) nor the 
abdominal muscle reflex response to popliteal nerve stimulation was inhibited 
by abdominal nerve stimulation (cutaneous branch or mixed nerve). The 
cutaneo-abdominal reflex response, however, could be inhibited by stimulation 


Body wall: continuous manipulation throughout record 


; F=20 6 sec aft 
Popliteal : Nil Start F=20 F=20 Shiihes 


40 Msec 
Fig. 5. Electromyograms (B/T' electrodes) from external oblique m. : reflex response to mechanica 
stimulation by manipulation of body wall, inhibited during period of stimulation of central 
end of popliteal n. at frequency 20/sec. ‘ P on’ marks the beginning of popliteal n. stimulation. 
The last column shows the return of the reflex response 6 sec after removal of the inhibitory 
stimulus. Time of sweep: 40 msec. : 


of another abdominal cutaneous nerve of a higher or lower spinal segment, 
provided the frequency of stimulation was greater than that used to evoke the 
primary reflex. The abdominal muscle reflex response to femoral nerve stimula- 
tion was inhibited by ipsilateral sciatic nerve stimulation but not by contra- 
lateral nerve stimulation. The limb flexor response evoked via the popliteal 
nerve was inhibited by ipsilateral femoral nerve stimulation. 

The reflex response of a limb muscle to abdominal nerve stimulation was 
critically dependent on the level of anaesthesia. When a reflex could be 
obtained it was sometimes partially inhibited by stimulation of either a limb 
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nerve or an abdominal nerve. For the latter it was necessary for the nerve to 
enter the spinal cord.above the level of the primary afferent nerve. The results 
described in this paragraph were not as ane cut.as those for other inhibitory 
reflexes described above. 

Spontaneous firing in the quadriceps ooh be inhibited. by mechanical 
stimulation of the ipsilateral, but not the contralateral, abdominal skin, and 
also by pinching the ipsilateral toes. 

Mutual inhibition via splanchnic and ‘lias nerves. Stimulation of the 
splanchnic nerve at higher frequency caused partial inhibition of the cutaneo- 
abdominal reflex evoked at a lower frequency. Conversely, the reflex response 
of the abdominal muscles evoked via the splanchnic nerve was partially 
inhibited by lumbar nerve stimulation, and was hc inhibited by 
popliteal or peroneal nerve stimulation. =| 


DISCUSSION 
These results show that the anaesthetized cat exhibits reflex contraction of the 
abdominal muscles consequent on stimulation of a cutaneous branch of one 
of the nerves T13 to L4, and also in response to manipulation of the skin 
supplied by these cutaneous branches. Lewis & Kellgren (1939) reported 
reflex contraction of the rectus abdominis and leg muscles in the decapitate 
cat on stimulation of a thoracic nerve, but found only leg responses on — 
mechanical or electrical stimulation of the skin of the trunk. 

Our findings accord with and extend the statement by Fulton (1949), 
already referred to. The reflex contraction of the abdominal muscles following 
stimulation of the popliteal and femoral nerves was only found in our experi- 
ments, however, under conditions of light anaesthesia, whereas the limb flexor 
response to the same stimulation was present with much deeper levels of 
anaesthesia. Downman (1951) has recorded action potentials in the inter- 
costal and lumbar nerves in reflex response to stimulation of the splanchnic 
nerve in the decerebrate cat. This accords with the findings of Miller & Simpson 
(1924) in the decapitate cat and our results in the anaesthetized animal. 

In our experiments the limb muscles also became involved in the reflex 
response to stimulation of a lower intercostal or lumbar nerve (cutaneous 
branch) only under light anaesthesia. This result is comparable with the 
finding of Miller & Waud (1925a, b) that hind-leg responses to mesenteric 
nerve stimulation in the decapitate cat had a higher threshold than the 
abdominal responses. Fulton (1949) mentions a hip flexor response to lower 
intercostal or lumbar nerve stimulation and also (especially) to splanchnic 
nerve stimulation. A wide range of responses to stimulation of the abdominal 
viscera and visceral nerves, including leg flexion and extension and kicking 
and stepping movements, were reported by Miller & Simpson (1924), Miller 
(1924) and Miller & Waud (19254, 6) for the decapitate cat. Miller & Waud 
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regarded the extension movements as mainly due to irritation of the spinal 
cord at the level of decapitation and to the influence of neck reflexes. 

We have shown also that the abdominal muscle reflex evoked through the 
lower intercostal or lumbar nerves is inhibited throughout a period of stimula- 
tion of a leg nerve except when the volleys to the two nerves are synchronized. 
In the latter circumstance it is not usually possible to study the inhibitory 
phenomenon at the higher stimulation frequencies since the abdominal reflex 
is not usually maintained at these frequencies. In one animal, in which the 
abdominal reflex was partially maintained at frequencies up to 100 per sec, 
partial inhibition occurred with synchronized stimulation of the two nerves. 
We have examined all the possible combinations of abdominal and limb nerve 
stimulation with abdominal and limb muscle recording in relation to inhibi- 
tion of the primary reflex. In our experiments the abdominal muscle response 


evoked via abdominal or splanchnic nerve could be inhibited by splanchnic or | 
_ abdominal nerve stimulation. Downman (1952), recording reflex responses 


from an intercostal nerve in the curarized preparation, found inhibition 
between splanchnic and intercostal afferent volleys in the spinal cat and 
facilitation in the decerebrate cat. Our results are summarized in Table 1. 


TABLE | | 
Effect on the reflex of simultaneous 
Reflex stimulation of 
: Afferent Effector Abdominal nerve Limb nerve 
Abdominal n Abdominal m Inhibited Inhibited 
Abdominal n. Limb m. ?Inhibited* ?Inhibited* 
Limb n Abdominal m Not inhibited Inhibited 
Limb n Limb m Not inhibited Inhibited 
Splanchnic n Abdominal m Partially inhibited Inhibited 
* See text. 


The inhibitory volleys in these experiments are ascending or descending 
cord volleys and exert interaction with the abdominal reflex response over 
some five or six segments. Antidromic firing cannot be responsible for the 
inhibition since stimulation of the ventral roots alone had no effect on the 
abdominal reflex, whereas stimulation of the dorsal roots caused inhibition. 
Further, the cutaneous branches of the intercostal and lumbar nerves contain 
no motor fibres, hence antidromic firing could not occur in experiments 
involving inhibition via these nerves. 

Current theories of the central nervous system postulate two types of 
inhibitory process. The first results from refractoriness consequent upon 
previous excitation: the second is a form of direct action on the motor neurone 
(full references in Lloyd, 1944). In the first type the response to the second of 
two volleys arriving in succession at the motor neurone is depressed on account 
of the refractoriness following the first volley. In our experiments the non- 
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‘maintenance of the abdominal (and flexor) reflexes during stimulation at the 
higher frequencies is presumably an example of this type of inhibition. In the 
second type two volleys must arrive synchronously at the motor neurone by 
different pathways, the resulting response being smaller than that due to 
either volley alone. | 

It is difficult to decide to which type belongs the inhibition of the cutaneo- 
abdominal reflex following limb nerve stimulation since our experiments did 
not include measurements of arrival times of impulses in various parts of the 
spinal cord. The synchronized application of nerve volleys in our experiments 
did not necessarily indicate synchronized arrival at the effector motor neurones. 

| SUMMARY 

1. Reflex contraction of the abdominal muscles in the anaesthetized cat 
can be evoked by the following procedures: (a) stimulation of abdominal 
cutaneous nerves, T13—L4; (b) manipulation of the abdominal skin or 
peritoneum; (c) stimulation of the sciatic or femoral nerves; (d) stimulation 
of the splanchnic nerve. | 


2. The effects of frequency of afferent stimulation on these reflexes is 
described and analysed. 


3. The abdominal reflexes evoked as in (1) can be inhibited by stimulation 
of a mixed nerve in the leg. Phene 
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LOCAL RESPONSES IN SINGLE MEDULLATED 
NERVE FIBRES 


By J. pet CASTILLO anp L. STARK 
From the Department of Physiology, University College, London 
(Received 25 March 1952) ; 


There is now good evidence that the membrane of medullated as well as non- 
medullated nerve fibres can be partially excited and give a non-propagated 
electric response to subthreshold stimuli. One way of showing this is to study 
the electric potential changes at the point of stimulation, where a small 
localized action potential can be demonstrated at the cathode, provided the 
stimulus is close to threshold strength. The phenomenon has been observed very 
clearly in isolated non-medullated axons (Hodgkin, 1937, 1938). In the case of 
medullated nerve, the evidence was for a long time of an indirect kind (Katz, 
1937, 1939), and only in recent years has it been possible to overcome certain 
technical difficulties and establish the existence of local excitation in medul- 
lated nerve beyond dispute (Katz, 1947; Rosenblueth & Luco, 1950; Schoepfle 
& Erlanger, 1950, 1951a, b; Huxley & Stampfli, 1951; del Castillo & Stark, 
1951). It is important that the presence of a local action potential could be 
demonstrated by some of these investigators in the intact nerve trunk, so that 
we need not be seriously concerned with the argument that the phenomenon 
might, be ‘abnormal’ and due to damage by microdissection or other special 
manipulation. It is still necessary, however, for a more accurate study of 
local action potentials to employ isolated nerve axons; this has been the purpose 
of the present work. 
METHODS 


Single myelinated fibres, isolated from the sciatic nerve of the frog Rana temporaria, were em- 
ployed throughout this investigation. The fibres were dissected from a sciatic-g 

preparation in the manner described by Tasaki (1939) and modified by Staémpfli (1946a). A distal 
portion of the nerve trunk is reduced to a single motor fibre still attached to the muscle, which 
continues to twitch on stimulating the proximal end of the nerve. The single fibre is then placed 
across three pools of Ringer’s solution separated by vaseline ridges similar to the ‘ridge- insulator’ 
of Tasaki (1939). Two vaseline threads (about 0-7 mm in diameter), obtained by squeezing vase- 
line from a syringe, are laid on a glass slide with their centres about 1 mm apart. By gently 
warming the vaseline they can be made to adhere to the glass surface. ale seat ree 
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this way provide an adequate electrical insulation between the pools of Ringer, the resistance 
between them being of the order of 10-15 MQ. The isolated fibre is placed 80 that the central pool 
contains a single node of Ranvier (see Fig. 1). The internodes resting on the ridges are protected by 
small droplets of paraffin oil, no part of the fibre being exposed to the air. When setting up the 
preparation, the Ringer’s solution surrounding the nerve fibre was frequently renewed in order to 
avoid tonicity changes due to evaporation. Later, the whole preparation was enclosed in a moist 
chamber provided with adjustable electrodes. The experiments were performed on winter and 
spring frogs, at a room temperature of 18-21° C. 


of an isolated myelinated axon. 


The part of the axon in the central pool (b in Fig. 1) was stimulated by means of platinum 
electrodes dipped into the pools a and b. Brief electric pulses, about 65 usec in duration at a 
frequency of 3-5 per sec, were delivered to the preparation via a shielded air-cored transformer 
and a reversing switch. The potential changes developed by the longitudinal action currents 
across the high resistance ridge separating pools b and c were amplified and recorded. 

The recording apparatus included platinum electrodes, input cathode followers of low grid 
current and reduced grid-to-earth capacitance, similar to those described by Huxley & Stampfli 
(1949), a d.c. amplifier, and a cathode-ray oscilloscope with attached camera. It has been un- 
necessary to use the recording system as a balanced instrument and one of the inputs was earthed. 
The other grid input of the cathode follower was connected with the electrode dipped into pool c. 
Square pulse calibrations indicated that the time constant of the delay of the recording system 
varied in the different experiments and was rather lorig, due mainly to the high resistance of the 
preparation. The deflexion due to a square pulse delivered through the preparation and the 
electrodes reached 63-2% of its final value in about 0-12 msec. A further decrease of this time 
constant, down to 0-08 msec, could be obtained by a reduction of the stray capacitances of the 
electrode at pool c and by shunting the preparation by a 10 MQ resistance. 

The Ringer’s fluid used in all the experiments was made up with the following ionic composition 
expressed in m.mole/].: Na*, 115; K*, 2-1; Catt, 1-8; CI”, 120-7. 
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| RESULTS 

If a brief cathodic shock of sufficient strength is delivered to the part of the 
axon oecupying the central pool, a nerve impulse is elicited which causes the 
muscle to twitch. Its site of origin is the node of Ranvier, as Lillie (1925) 
suggested and Huxley & Staémpfli (1949) have demonstrated. At this point the 
active processes take place which give rise to propagated spikes in a medul- 

lated nerve fibre. | 
The action potential developed at this node rises almost instantly after the 
initial shock artifact, and is shown in Fig. 2A. Its duration (3-5 msec) is 
longer than that previously found by other authors in similar preparations 
(Huxley & Staémpfli, 1949; Frankenhaeuser & Schneider, 1951) and exhibits 


Fig. 2. Action potential at a single node of Ranvier as recorded with Fig. 1 arrangement. 
In B the nodes of Ranvier at pool] c were blocked by procaine. (See text.) 


@ positive deflexion following the initial negative rise. In some cases, after 
this positive deflexion the potential may swing until reaching a negative value 
only slightly lower than the initial one, although usually, as in Fig. 2A, only 
a small negative wave of variable size marks the end of the action potential. 
It can be demonstrated that this positive deflexion is due to the activity of the 
adjacent node of Ranvier in the pool c. If this pool is filled with a 0:2% 
solution of procaine in Ringer’s fluid, the positive deflexion disappears and the 
action potential becomes that represented in Fig. 2B. A comparison of both 
records shows that, under the present experimental conditions, the response 
given by the node in pool 6 is different both in shape and duration from the 
action potential recorded from the node in pool c. A satisfactory explanation 
of these results cannot yet be given. The form of the action potential originated _ 
at node b and the difference existing between this potential and that arising at 
the adjacent node at pool c does not seem to be due either to abnormal changes 
in the tonicity of the Ringer’s solution in contact with the fibre or to the high 
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value of the external resistance between the adjacent nodes. Further in- 
vestigations are, therefore, required. It is, however, important to note that 
the local response, as recorded from this preparation, did not significantly 
differ either from those recorded from non-medullated axons or medullated 
nerve trunks. All the experiments have been performed 1 in preparations in 
which the nodes in pool ¢ have been blocked by procaine; in this way, the 
positive deflexion, which occurs very soon after the initiation of the action 
potential (about 0-5 msec), is excluded from the records. Furthermore, control 
experiments have shown that application of procaine to these nodes has no 
appreciable influence on the action and subthreshold pacman recorded from 
the central pool, at least during the first few hours. 

If the strength of the stimuli is decreased, the action potentials begin to rise 
with an increasing delay and eventually they disappear, being replaced by 
small subthreshold non-propagated potentials.  —> 

As has been previously demonstrated: in axons (Hodgkin, 
1938) and myelinated nerve trunks - (Katz, 1947), these subliminal potentials 
can be regarded, as 8 combination of passive depolarization potentials and a 
local response of the nerve membrane. Its dual nature becomes apparent by 
varying the strength and polarity of the applied subthreshold shocks. 

In Fig. 3 are represented the potentials which follow shocks of various 
strengths and opposite polarity. Cathodic shocks of weak intensity and anodic 
shocks of any subthreshold strength give rise to potentials of similar shape, 
which decay in a simple, approximately.’ exponential, fashion. When the 
stimuli approach threshold, the cathodic potentials change in a characteristic 
way : their duration increases and a hump appears, the curve becoming rounded 
as seen in Fig. 3. The anodic shock of the same strength still produces a 
potential of simple exponential form, similar to that elicited at the cathode by 
weak shocks. 

If the subthreshold potentials are aemeced. ata , given time after the 
beginning of the stimulus and plotted against stimulus strength, a curve is 
obtained which is approximately linear over a range comprising anodic and 
weak cathodic shocks, and bends up from about 0-5 threshold cathodic strength 
(Fig. 4). This curve gives an indication of the size of the local response at 
different stimulus strength. It is difficult to determine exactly where the 
subliminal response begins to appear over and above the polarization potential, 
since the departure from linearity is extremely gradual. Above 0-6 threshold, 
however, the response is quite clear, increasing at accelerating rate until it 
reaches propagating size. 

When the strength of the cathodic shock approaches threshold, i.e. when the 
resulting potential almost reaches propagating size, the subliminal responses 
begin to vary in both amplitude and duration; successive stimuli of the same 
strength produce a random display of potential changes. This is particularly 


3 
¥ 
% 
on 
7 
‘4 
y 
4 


LOCAL RESPONSES IN SINGLE MEDULLATED FIBRES 211 


evident in Fig. 5A.: It can be seen that successive: shocks of 0-87. threshold 
produce potentials which vary in size by as much as 20%%,- measured. at 
0-2 msec after the beginning of the shock artifact.. With higher: stimulus 
strength the fluctuation of the potentials becomes even more marked. Fig. 5B 


stimulation by brief electric shocks. Ordinates: potential in mV. Broken line: base line, zero 
potential. Abscissae: time in 0-1 msec. In superimposing the records the stimulus artifact 
was taken as the common point, starting at zero time. The records were obtained with the 

following stimuli strength, expressed as percentage of threshold from above: cathodic, 
(1) action potential and (2) 100, (3) 95, (4) 92-5, (5) 90, (6) 87-5, (7) 81, (8), 76, (9) 65; anodic, 
(10) 65 and (11) 100. | 


illustrates the effect of twenty successive shocks of just threshold strength; 
nearly one-half of the responses succeeded in growing up into propagated 
action potentials, whereas the rest died out as local non-propagated responses 
whose amplitude, measured at 0-35 msec after the beginning of the stimuli 
varied by as much as 60%. Fig. 6A shows local responses whose amplitude 


and duration varied very much; they were obtained in a preparation which 
14-2 
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0-1 msec 

Fig. 3. Tracings of potential changes at a single node of Ranvier (at pool 6 in Fig, 1) following | 
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had been stimulated during several hours. This fluctuation of the subthreshold 
responses seems to be more pronounced in these medullated fibres than in the 
non-medullated axons studies by Hodgkin (1938) where at strength of stimuli 
up to 0-96 the responses varied by less than 1%. : 

The transition from local subthreshold responses to sasiinaheih action 
potentials seems to occur at a fairly constant level. This is particularly clear in 
Fig. 5B. It can be seen in this record, how action potentials rise, with different 
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Fig. 4. Ordinates: potentials elicited by anodal and cathoda stimuli of different strengths as 
measured at 0-3 msec after the initiation of the shock artifact (same experiment as in Fig. 3) 
— in arbitrary units. Abscissae: strength of the applied shocks taking threshold as 


Saisie (0:12-0-4 msec from the beitiaine of the stimuli), all at a constant 
critical level. Hodgkin (1938) has shown, in crustacean axons, that both 
propagated and local responses start out in the same way and may not 
separate until nearly 500 usec after the beginning of the shock. This observa- 
tion has been confirmed in our preparations. It was particularly evident at the 
end of long experiments when the ratio between the height of propagated 
spikes and that of the local responses had become very. small (see Fig. 6B). 
All the responses which exceed the critical level turn into propagated impulses. 
In some cases, however, the potential has remained at the critical level for 
about ‘0-6 msec after it was attained, — igs up into a eel 
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It is not possible to give an exact figure for the relative amplitudes of spike 
and local response elicited by just threshold stimuli, i.e. for the ratio of the 
spike height to the critical potential level from where the propagated potentials 
rise. This ratio varies very much with the condition of the fibre and declines 
slowly during the experiments, The time course of its decay also depends on 


Fig. 5 Fig. 6 

Fig. 5. ie subthreshold potentials evoked at a single node of Ranvier by brief cathodic ahsoke of 
increasing strength. Each line results from the superimposition of about ten potentials. 
Relative strength of stimuli in order of increasing magnitude of the potentials, expressed in 
percentage of threshold strength: 21, 43, 76, 87. B: effect of twenty successive shocks of 
just threshold strength. Nearly half of them succeeded in eliciting propagated spikes. The 
rest produced potentials which died out as local, non-propagated, responses of fluctuating 
amplitude. 


Fig. 6. A and B: oa and pent! prt) sited at «ung nde o 
Ranvier by cathodic shocks of just threshold strength. 


the condition of the fibre and the experimental sangre This ratio has 
usually been of the order of 4; this figure, however, refers only to the average 
condition of the fibres which have been employed; the highest ratio which has 
been recorded was about 7. In the observations of Schoepfle & Erlanger (19516) 
on the phalangeal nerve preparation of the frog the average ratio of the 
height of the humps to the height of the spikes was of 4-8, a figure comparable 
to that found in our experiments. They found, however, cases where the 
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magnitude of the spikes was about 10 times higher than that of the hump. 
This. indicates that the condition of some fibres in their — nerve 
preparation was better than that of our isolated axons. » 

After a preparation has been kept for several hours the action potentials 
become so small that conduction eventually failed. The difference between 
action and subliminal potentials becomes gradually smaller until only local 
responses, i.e. ‘humped potentials’, can be elicited by shocks of any strength. 
Eventually, the ‘humps’ disappear and only simple exponentially decaying 
potentials are left. A similar state can be reached after narcotizing the node 
in pool 6 with procaine, as it has been done in control experiments. After 
blocking, shocks of any size and polarity elicited only symmetrical electrotonic 
potentials in which no trace of local response could be demonstrated. 

Experiments were also performed in which the axon was shifted longitudin- 
ally, so that the node in the central pool was replaced. by the internodal region, 
the two adjacent nodes of Ranvier being in the lateral pools. With this arrange- 
ment only action and local potentials originated at the nodes in a and c pools 
could be demonstrated, which ee when these nodes 1 were blocked Pp? 

DISCUSSION - 
The éxperiments which have been described demonstrate the occurrence of 
local, non-propagated, responses which arise, following subthreshold stimuli, 
at the nodes of Ranvier of isolated motor axons of the frog. The results are in 
complete agreement with the findings of Katz (1937, 1947) and Hodgkin 


(1938), and confirm the observations of Huxley & Stampfli (1951). The local — 


responses recorded from isolated amphibian axons compare very well with 
those which take place in crustacean nerve fibres and those recorded from 
intact nerve trunks. They are also analogous to the ‘kleiner Buckel’ observed 
by Tasaki & Takeuchi (1942) at the cathode on similar single fibre preparations, 
and although these authors regarded the phenomenon as an adventitious 
artifact we feel that its identification as a subliminal membrane response can 
no longer be reasonably questioned. As Huxley & Stémpfli (1951) point out, 
the ‘unterschwelliges Reizphanomen’ described by Stampfli (19466) can be 
similarly identified with a local subliminal response. There is also very good 
agreement. between our observations and the local responses described by 
Schoepfle & Erlanger (1950, 19514a, 6) in single fibres of the phalangeal nerve 
_ of the frog, although the method followed by these _ is iaeaerent 
from that employed in the present work. 


SUMMARY 


1. The potential changes elicited by subthreshold stimuli (brief electric 
shocks) at single nodes of Ranvier of motor axons isolated from the frog 
sciatic nerve have been studied. | 
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2. Local, i.e. non-propagated, responses can be demonstrated following 
cathodic stimuli of near threshold strength. 

3. These local potentials compare well with those previously recorded from 
single invertebrate axons and with the local responses demonstrated in medul- 
lated nerve trunks of the frog. They are also similar to the local responses of 
single nerve fibres as recorded from multi-fibre preparations. 
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POST-TETANIC RESTORATION OF NEUROMUSCULAR 
TRANSMISSION BLOCKED BY D-TUBOCURARINE 


By O, F. HUTTER* 
From the Department of Physvology, U niversity College, London | 


(Received 28 March 1952) 


The changes in neuromuscular transmission, which result from repetitive 
stimulation of the motor nerve, in nerve-muscle preparations partly blocked 
by D-tubocurarine have been described repeatedly (Boehm, 1894; Boyd, 1932), 
but little is understood, so far, about their intimate nature. This is partly due 
to the difficulty of determining the site of the responsible mechanisms, for, so 
long as the changes in transmission can be detected only by recording from the 
post-junctional unit, we have no means of telling whether they are due to 
alterations in the amount of acetylcholine liberated by each nerve impulse, or 
to changes in the motor end-plates. The experiments here presented were 
designed to dissociate these variables, by comparing the effects of nerve 
volleys with those of injected acetylcholine. It will be shown that the early 
failure of transmission during repetitive stimulation and the subsequent 
restoration of transmission are both due to changes which take place at the 
nerve endings, i.e. proximal to the motor end-plates. A preliminary account of 
these findings has already appeared (Hutter, 1951). 


METHODS 
Cats, decerebrated or anaesthetized with chloralose, were used. Tension was recorded from the 
tibialis anterior muscle and, in a few experiments, from the soleus. The sciatic nerve was tied high 
in the thigh and stimulated through two pairs of shielded electrodes. The distal pair usually served 
for stimulation at a frequency of 6 shocks per min, the central pair for tetanic stimulation. The 
shocks were either short condenser discharges (CR 0-1 msec) or square pulses of voltage (80 psec 
duration). The shocks were 4 to 6 times the minimum voltage required to give a maximal twitch. 
When it was desired to maintain a constant level of curarization accurately for a long period, the 
muscles of both legs were prepared. One side then served as a control, while the time course of the 
phenomena was studied on the other preparation. Close arterial injections into the tibialis 
muscle were made as described by Brown (1938a). When several injections were given in quick 
succession care was taken that the blood supply was restored after each injection. End-plate 
potentials were recorded from gracilis (Brown & Burns, 1949; Burns & Paton, 1951). When end- 
plate depolarization was also measured, non-polarizable silver-silver chloride electrodes were 
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used, contact with the muscles being made through agar-soaked wicks, The electrical recording 


system was directly coupled throughout. Close arterial injections into gracilis were made through 
a cannula in the femoral artery below the branch to the muscle. Proximal to the branch, the artery 
was looped with a thick thread, whose ends were passed through a glass tube fixed vertically 
above. During injection the femoral artery was occluded by pulling the loop into the tube. 
Quantitative results could best be obtained in animals in which one large branch of the femoral 
artery supplied gracilis, as it was then easier to isolate the circulation to it. The infusion apparatus 
described by Burn & Dale (1924) proved suitable for intravenous administration of p-tubocurarine 
chloride, It consists of a burette whose delivery is controlled by the flow of oil through a capillary 
tube. For initial curarization a positive pressure was created in the oil reservoir until the desired 
degree of neuromuscular block was attained. Curarization was then maintained by suitably 
adjusting the height of the reservoir. The rate of infusion necessary to maintain block varied 
greatly between preparations, the range extending from 0-25 to 1-1 mg/kg/hr. 


RESULTS 

The after-effects of activity at the neuromuscular junction are best revealed in 
nerve muscle preparations partly blocked by p-tubocurarine, for such treat- 
ment, by reducing the sensitivity of the motor end-plates to acetylcholine 
(Cowan, 1936; Kuffler, 1943), permits detection of changes in the transmitting 
apparatus which may otherwise remain masked. In a muscle which has been 
treated with enough D-tubocurarine to reduce the twitch tension to, for 
instance, 10% its initial value, the junctions which continue to transmit do so 
with a reduced margin of safety so that they fail rapidly when conditions for 
transmission deteriorate; on the other hand, the idle muscle fibres constitute 
a subliminally excited fringe and thus provide for the detection of facilitation 
of transmission, The mechanical response of a partly curarized muscle reflects, 
therefore, any changes which occur in the neuromuscular apparatus. The 
results of junctional activity, in such preparations, are seen to best advantage 
when a period of rapid repetitive stimulation of the motor nerve is interpolated 
into a series of infrequently applied single shocks. At the onset of the motor 
nerve tetanus a transient contraction occurs which, if the frequency of stimula- 
tion is high enough, gives way rapidly to complete neuromuscular block for 
the remaining duration of the tetanus. On returning to infrequent stimulation 
a striking and long-lasting restoration of transmission is seen. These phenomena, 
which were first described by Boehm (1894) and rediscovered by Boyd (1932), 
are again illustrated in Fig. 1. 

Time course of post-tetanic decurarization. A reduction of the single twitch 
to 5 % or leas of its initial value was sought in these experiments. At this level 
of neuromuscular block a constant degree of curarization could be readily 
maintained by suitable infusion of p-tubocurarine; moreover, the mechanical 
response of the muscle to the conditioning tetani was transient, so that the 
potentiation of twitches, which occurs after tetanic contractions (Feng, Lee, 
Meng & Weng, 1938; Brown & von Euler, 1938), was minimized. Fig. 2A 
shows the time-course of the decurarization with tetani of varying duration, 
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a rising phase to maximum decurarization, which was reached more slowly 
after the more severe tetani; a period of rapid decline from the crest; and a slow 
final decay to the pretetanic level, the duration of which was rather variable. 
The restoration of neuromuscular transmission, at maximum decurarization, 


Fig. 1. Cat, 3-8 kg, chloralose, Contractions of tibialis excited by supramaximal shocks to sciatic — 
nerve every 10 sec (a) untreated preparation; (b) 90% curarized; infusion of p-tubocurarine 
at 1-6 mg/hr. At signal, sciatic nerve stimulated for 20 sec at 80 per sec. 
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min 

Fig. 2. Cat, decerebrate. Time course of post-tetanic decurarization in tibialis anterior. Supra- 
maximal shocks to sciatic nerve every 10 sec. Twitch tension, expressed as fraction of maxi- 
mum twitch in untreated preparation, plotted against time in minutes after end of tetanic 
stimulation of sciatic nerve. Broken line indicates level of block maintained by infusion of 
p-tubocurarine. A, after 1, 5 and 10 sec repetitive stimulation at constant frequency 
(250 per sec). B, after 1 sec repetitive stimulation at different frequencies (30, 59, 100 and 


185 per sec). 


was almost complete, and with longer tetani was maintained for a minute or 
more. In Fig. 2B the time-course of the decurarization after tetanic stimula- 
tion for 1 sec at different frequencies is plotted. In the case of these shorter 
tetani, the development of the decurarization was exceedingly rapid, and the 
phase between the end of the tetanus and maximum decurarization could not 
be explored with the infrequent test volleys here employed. | : 
The rapid onset of decurarization after repetitive stimulation is noteworthy, 
since it stands in contrast to the long-lasting depression of transmission seen 


the frequency being kept constant at 250/sec. Three phases may be recognized: — 
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__ after‘a single volley (Brown, 19386; Brown & Harvey, 1941). At the level of 


neuromuscular block used in the.experiments described above, for instance, 
the response to the second of a pair of maximal nerve volleys is reduced for 
about 10 sec. Yet, as is seen from Fig. 2B,.10 sec after the last of 185 shocks, 
the twitch tension is increased many times above the pretetanic level, and even 
after as few as 30 shocks some relief of block is seen at that time. Evidently, 
the long-lasting depression of transmission after a single volley has been 
replaced, after many volleys, by facilitation. In order to discover how this 
reversal was brought about, experiments with short trains of conditioning 
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Fig. 3. Cat, chloralose. Contraction of tibialis excited by supramaximal shocks to sciatic nerve. 
Time course of changes in neuromuscular transmission after 1 (©), 4 (@), 9 (Ci), and 18 (@) 
conditioning volleys (at. 100 per sec) to sciatic nerve. Twitch tension, expressed as fraction of 
maximum twitch in untreated preparation, plotted against time in sec after last conditioning 
volley. Broken line indicates level of neuromuscular block maintained throug P 
~ by slow infusion of p-tubocurarine. 


volleys were made. Preparations were used which had received enough 
D-tubocurarine to reduce the twitch tension to about 25%, so that both 
depression and restoration of transmission could be observed. To avoid 
summation of twitches, the shortest interval between the last conditioning 
shock and the test shock was 0-5 sec. Under these conditions there was still 
some evidence of depression 4 sec after a single volley (Fig. 3), and after four 
conditioning volleys the depression ran the same time-course. Recovery was 
considerably quicker after nine volleys, some decurarization being evident at 
4 sec. When eighteen conditioning volleys were given, striking restoration of 
transmission was seen 1 sec after the last stimulus. snl 

Changes in end- ial. Further information about the na Oo 
post-tetanic incon aga be obtained by recording end-plate potentials 
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in preparations which have been treated with enough p-tubocurarine to 
~ reduce their size to well below the level necessary for initiation of muscle 
action potentials. Feng (1941), using sartorius preparations of the toad, 
showed that repetitive stimulation of the motor nerve is followed by a large 
increase in the end-plate potential set up by subsequent test volleys, and 
Brown & Burns (1949, personal communication) have observed the same effect 
in the cat’s gracilis. A few experiments were made to determine the time- 
course of this phenomenon. It was found that the increase in the end-plate 
potential in gracilis ran substantially the same course as the changes in 
twitch tension in tibialis after comparable conditioning tetani. At the peak of 
the effect the end-plate potential was 2-3 times the pretetanic size; no change 
of its time-course could be detected. During the tetanus the end-plate poten- 
tial decreased rapidly and there was no evidence of long-lasting after-potentials. 

To determine whether changes in the threshold voltage required for spike 
propagation played any part in the post-tetanic restoration of transmission. 
the following experiment was made. Potentials were recorded from the end- 
plate region of a gracilis preparation during the initial administration of 
D-tubocurarine, and the voltage of the end-plate potential at which spikes 
were last seen was noted. This height was taken as a measure of the propaga- 
tion threshold of the junctions most resistant to block. p-Tubocurarine was 
then given until the size of the end-plate potentials was reduced to about 
a third of this ‘threshold’ value. After a tetanus the end-plate potentials 
recovered and the voltage necessary for initiation of spikes was again estimated. 
Comparison of the records (Fig. 4) shows that the threshold for spike initiation 
had not altered detectably in the course of the experiment. | 

Effects of injected acetylcholine. Electrical recording, although indicating 
that post-tetanic decurarization is brought about by an increase in the size of 
the end-plate potential, does not, by itself, throw any light on how this 
increase is achieved. Two explanations may be offered. Either the motor end- 
plates have become more sensitive to the depolarizing action of acetylcholine 
or more acetylcholine is released per nerve volley. The validity of the first 
hypothesis may be tested by injecting a constant dose of acetylcholine before 
and after a tetanus. Two types of experiment were made. In the first, the 
mechanical response of tibialis anterior to close arterial injection was taken as 
an index of the excitability of the motor end-plates; in the second, end-plate 
depolarization was directly recorded in gracilis preparations. 

To produce a mechanical response in curarized preparations, doses of acety!- 
choline 10-20 times the dose required in untreated preparations had to be 
given. So long as the total number of injections made into any one tibialis 
preparation was limited to about 8, repeated injection of the same dose 
usually had remarkably constant effects, and graded responses to graded doses 
of acetylcholine could be obtained. The relationship between the peak tension 
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of the mechanical response and the dose of acetylcholine injected was deter- 
mined in‘ one, experiment: N ear the threshold an. almost: linear relationship 
was observed, but when: larger.amounts were given, the mechanical response 
increased, ‘more than in proportion to the dosage (Fig. 5); this was due, 
presumably, ito more frequent firing’ of those: fibres which had responded 
already to. smaller doses. ‘In Fig..6.A an experiment is illustrated in’ which 
a near threshold dose of acetylcholine was injected into tibialis before a tetanus, 
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Fig. 4. Cat, 3-9kg, chloralose. End-plate potentials recorded from gracilis. (a) after 6 mg 
D-tubocurarine chloride; (b) 110 min later, after a further 23 mg p-tubocurarine chloride; 
(c) 35 sec after (6). Between (b) and (c) the obturator nerve was stimulated repetitively for 
5 sec at 200 per sec. 

Fig. 5. Cat, decerebrate, 90% curarized. Relationship between dose of acetylcholine chloride 
injected into tibialis anterior and mechanical response of the muscle. 


and afterwards, when the decurarization was at its peak. It can be seen that 
the mechanical responses were nearly the same. and quite unrelated to the 
effects of nerve stimulation. Occasionally, as in Fig. 6B, a slight potentiation 
in the response to acetylcholine was observed after the tetanus, but it was 
never of the same order as the increase in the transmitted response. 

To verify the results obtained with mechanical responses experiments were 
made in which the end-plate depolarization (Burns & Paton, 1951) caused by 
_ subthreshold doses of acetylcholine was recorded together with changes of 
end-plate potentials. Fig. 7B shows the depolarization produced by close 
arterial injection of 20 and 40 yg of acetylcholine into a gracilis. preparation 


é 
in 
7 
a 
0-5 mV 
‘ 
a 
“a 
( ) 
(c) 
4 
tp 
& 


229 MUTTER 


(e) (f) (s) | 

Fig. 6. Cat, decerebrate. Contraction of tibialis anterior elicited by supramaximal shocks to 

sciatic nerve every 10 sec, 90% curarized. A, effect of close arterial injection of 5 yg acety!- 

choline chloride interposed, (a) before, (6) during, tetanic stimulation of the sciatic nerve 

(20 sec at 100 per sec) and (c) 14 min after end of motor nerve tetanus. At (d) 0-2 ml. saline. 

B, same preparation. At arrows (e), (f) and (g) close arterial injection of 10 yg acetylcholine | 
~chloride. At signal, motor nerve tetanus (15 sec at 200 per sec). i 
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0 1 4 >: 6 7 8 14 15 16 
Min 
Fig. 7. Cat, chloralose. Gracilis preparation. Fully curarized. A, end-plate depolarization 
caused by close arterial injection of 20 ug acetylcholine chloride (@), (a) 4 min before, (>) ? 
1 min 20 sec after and (c) 10 min after tetanic stimulation of obturator nerve (20 sec at 
220 per sec). End-plate potential (@) set up by supramaximal shocks to obturator nerve 
recorded between injection. Broken line indicates conjectured time course of changes in end- 
plate potential during the interval that the oscillograph time base had to be stopped for 
registration of end-plate depolarization on moving film. Changes in end-plate potential 
during tetanus represented diagrammatically by solid curve. B, same preparation. Time 
course of end-plate depolarization caused by close arterial injection of (a) 40 yg, (b) 
acetylcholine chloride. 
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which had received enough D-tubocurarine to reduce the size of the end-plate 
potentials to‘about half the ‘threshold’ value. Maximum depolarization was 
attained within 0-1 sec and was proportional to the dose of acetylcholine 
given. The depolarization decayed to half the maximum value within 1-5 sec. 
Injections of 20 wg were then made, 3 min before a severe conditioning tetanus, 
and at 1 min 20sec and 10 min after the end of the tetanus.” End-plate 
potentials were recorded throughout, except during the time that the oscillo- 
graph time-base had to be stopped for registration of end-plate depolarization 
on moving film. After the tetanus the end-plate potentials grew to twice the 
pretetanic size, but no corresponding changes in the responses to acetylcholine 
could be detected (Fig. 7A). From these experiments it was concluded that the 
sensitivity of the motor end-plates to acetylcholine is not ——- as a a result 
of repetitive stimulation of the motor nerve. 

The failure of transmission during repetitive stimulation. In the course of the 
above experiments opportunity was taken to verify the suggestion (Brown 
1937; Rosenblueth & Morison, 1937) that the early failure of transmission 
during tetanic stimulation of the motor nerve in partly curarized preparations 
is due to progressive diminution in the amount of acetylcholine released by 
each nerve impulse. If this is the only mechanism involved, then injection of 
acetylcholine should remain effective after transmission has failed. This was 
indeed found to be so. Fig. 6A and B shows that the mechanical response to 
acetylcholine was substantially the same during the tetanus as before or after 
it. The changes in transmission observed on altering the frequency of stimula- 
tion in either direction are thus’ of —— origin. 


DISCUSSION 
The and restoration of transmission 
observed in partly curarized preparations, after rapid repetitive stimulation 
of the motor nerve, is brought about by an increase in the size of the end-plate 
potential, set up by subsequent infrequent nerve volleys. The time-course of 
the end-plate potential and the threshold voltage for initiation of muscle 
impulses remain unaltered during the decurarization. These facts rule out the 
participation of two mechanisms which may cause long-lasting restoration of 
neuromuscular transmission after block by D-tubocurarine: an inhibition of 
cholinesterase and a subthreshold depolarization of the motor end-plate region 
(Katz, 1939). Inhibitors of cholinesterase increase the size of the end-plate 
potential, but the increase is invariably attended by a prolongation of its 
time-course. (Eccles & MacFarlane, 1949). A subthreshold depolarization of 
the motor end-plate region, produced by administration of a specific depolar- 
izing agent, such as decamethonium, causes a long-lasting restoration of 
transmission (Hutter & Pascoe, 1951), which, when muscle twitches alone are 
recorded, closely, resembles the post-tetanic effect. Examination of end-plate 
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potentials reveals, however, that, with decamethonium, restoration of trans- 
mission is achieved without increase in their size, it being due, presumably, to 

summation between the depolarization caused by the drug and the nerve 
impulse. There is, moreover, no evidence that a motor nerve tetanus sets up 


Hutter, 1952). 

Two possibilities Temain may satisfactorily for the 
post-tetanic increase in the end-plate potential. Either the motor end-plate 
has become more sensitive to acetylcholine, that is, a true reversal of the action 
of p-tubocurarine has taken place, or more acetylcholine is released by the 
nerve endings per incident volley. The first hypothesis was put to the test by 
injection of acetylcholine at different times, and recording either the contrac- 
tion of the muscle, or the local depolarization of the motor end-plate region. 
No significant change in the response to acetylcholine could be detected at 
a time when post-tetanic decurarization was at its peak. A change in the 
sensitivity of the motor end-plates to acetylcholine is not, therefore, the cause 
of the relief of neuromuscular block, and the effect can only be accounted for 
by assuming that more baad dconeenae is — from the nerve ending per 
incident volley. 

The early failure of oats transmission is also dais to a change in 
the output of acetylcholine, for it could be shown, that the motor. end-plates 
remained sensitive to acetylcholine when transmission had failed. 

The experiments here presented localize the mechanisms responsible for the 
changes in transmission caused by altering the frequency of stimulation, to 
the motor nerve endings, but they give no indication of their nature. The 
complicated time-course of the phenomena strongly suggests that the varia- 
tions of acetylcholine output are but the net result of a number of interacting 
‘processes. The spread of the nerve impulse into the motor nerve endings, 
the amount of preformed acetylcholine available there, and the rate of its 
resynthesis, may all be contributing factors. There is some indirect evidence 
that choline increases the output of acetylcholine from the motor nerve endings 
(Hutter, 1952). If choline accumulates at the neuromuscular junction during 
repetitive stimulation it may thus contribute to the decurarization. Similar 
be interpreted on this basis. — 

Potassium causes a long-lasting restoration in setebeiiclidesies transmission 
in curarized preparations (Wilson & Wright; 1936), and it has been suggested 
on this basis (for references see Rosenblueth, 1951) that-it may play a part in 
the post-tetanic decurarization. More work, however, is required to deter- 
mine the mode of action of potassium, for its effect on muscle cmceccaiel 
could account for the decurarization it produces. — 


A striking similarity exists between the changes in transmission iain by 


a long-lasting depolarization of the end-plate — tania & Paton, 1951; 
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repetitive stimulation at the neuromuscular junction, and the phenomenon 
observed under analogous conditions at the synapse in the sympathetic ganglion 
and spinal cord. Larrabee & Bronk (1947) have found, in the stellate ganglion 
of the cat, that repetitive preganglionic stimulation causes a long-lasting 
facilitation of transmission of subsequent preganglionic volleys. From their 
analysis of this effect they concluded. that it is due to some change resident in 
the presynaptic pathway which causes the nerve impulse arriving at the 
synapse to have a more effective excitatory action, probably as a result of 
release of an increased amount of acetylcholine. This explanation cannot be 
applied to the corresponding experiments on the spinal cord, for. in this 
instance the presynaptic fibres concerned are non-cholinergic. Studying the 
long-lasting facilitation of transmission in the monosynaptic spinal reflex, 
which results from repetitive stimulation of the sensory nerve, Lloyd (1949) 
comes to the conclusion that this facilitation is of presynaptic origin. He 
relates the facilitation to the size of the nerve action potential, which, he 
showed, was increased as a result of the positive after potential set up by the 
rapidly repeating conditioning volleys. This attractive hypothesis has been 
challenged by Eccles & Rall (1951) who found that the potentiation of the 
presynaptic spike does not run, under all conditions, the same time-course as 
the facilitation of the reflex discharge. Eccles & Rall agree, however, with 
Lloyd that the facilitation is of presynaptic origin, and they show that it is 
brought about by a change in the synaptic potential, which increased during 
the facilitation, just as the end-plate potential increases during post-tetanic 
decurarization. In other respects, also, there is a striking analogy between the 
after-effects of activity in the non-cholinergic central synapse and at the 
neuromuscular junction where transmission is by acetylcholine. Brooks, 
Downman & Eccles (1950) have found, for instance, that the depression of the 
reflex response after a single test volley is of much longer duration on homo- 
synaptic than heterosynaptic testing. In the former case the depression out- 
lasts the positive after-potential at the neurone, and transmission through the 
activated pathway is not restored for several seconds. It seems likely, that 
this long-lasting depression is of presynaptic origin, comparable to the depres- 
sion of neuromuscular transmission after a motor nerve volley (Brown, 19386; 
Brown & Harvey, 1941). A detail of some interest is, that both at the neuro- 
muscular junction and at the central synapse, a train of some twenty volleys 
is required before the depression of transmission is replaced by facilitation (cf. 
Fig. 3 with fig. 2 of Eccles & Rall, 1951). The progressive decrease in the size of 
the end-plate potentials in the curarized preparation during repetitive stimula- 
tion, and the decrease in the synaptic potentials under the same conditions, may 
thus also be analogous. Whatever else these striking similarities may mean, they 
at least illustrate that the changes of transmission on alteration of the frequency 
of stimulation in nerve-muscle preparations treated with D-tubocurarine have 
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their counterpart in other junctions not so treated, and this supports the view 
that p-tubocurarine acts solely by reducing the sensitivity of the motor end- 
plates to acetylcholine, thereby establishing the conditions necessary for 
detection of changes i in the excitatory action of the nerve very: : 


SUMMARY 

1. Nerve-muscle preparations in decerebrate and enhneteitinn cats have 
been used to study the restoration of transmission by repetitive stimulation of 
the motor nerve, when partial block has been produced with p-tubocurarine 
chloride. 

2. A tetanus produces long-lasting restoration of transmission of subsequent 
single motor nerve —" which is accounted for oF increased motor end- 
plate potentials. 

3. The time-course of the increased end-plate potentials is not detectably 
altered, nor is the threshold for the appearance of conducted muscle potentials. 

4. The sensitivity of the muscle to acetylcholine has been determined by 
arterial injection and recording either muscle tension or end-plate depolariza- 
tion. No significant change in the responsiveness of the muscle to acetyl- 
choline occurs after tetanic stimulation of the motor nerve. 

5. It is concluded that post-tetanic decurarization is a prejunctional 
phenomenon and is probably due to an increase in the amount of acetylcholine 
released per post-tetanic volley. 

6. During the early failure of neuromuscular transmission which occurs on 
repetitive nerve stimulation, the response of the muscle to arterial injections 
of acetylcholine remains undiminished. This finding supports the view that the 
failure is due to progressive decrease in the amount of acetylcholine released 
per nerve volley. 


I wish to thank Prof. G. L. Brown for his stimulating interest in this work, and the Centra 
Research Fund of the University of London for an equipment grant. 
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VASCULAR REACTIONS TO HISTAMINE, HISTAMINE- 
LIBERATOR AND LEUKOTAXINE IN THE SKIN OF 
GUINEA-PIGS 


By A. A. MILES anp E. M. MILES — 
From the National Institute for Medical Research, Mill Hill, London 
| (Received 3 April 1952) 
A substantial increase in capillary permeability is a feature of acute inflamma- 
tion in bacterial infections. The present investigation is part of an attempt to 


prove an old hypothesis, namely, that this increase in permeability is mediated 
by histamine. A comparative study was made of histamine, of the histamine- 


liberator 48/80, a condensation product of p-methoxyphenylethylmethylamine 


and formaldehyde (Baltzly, Buck, de Beer & Webb, 1949), and of leukotaxine 
(Menkin, 1936, 1938a, 5). 

In animals with a recently injected vital dye in their blood, the intradermal 
injection of substances that increase permeability of the blood vessels is 
followed by an accumulation of dye at the site of injection, presumably due to 
the passage of an excess of dye-stained plasma into the tissue spaces. When the 
blood flow and the vascular bed of the skin are relatively constant, differences 
in the size and intensity of stained areas of skin reflect differences in vascular 
permeability, and may be used to investigate the properties of substances that 
increase permeability in this way. Our work was confined to the skin of 
guinea-pigs, partly because much is already known about skin reactions to 
toxins and other inflammatory agents, and partly because it is a tissue readily 
studied in the intact and unanaesthetized animal—an important consideration 
with phenomena which, like the passage of dye through vascular endothelium, 
are peculiarly dependent on the state of the blood vessels in the tissue under 
test. 

MATERIALS AND METHODS | 
Albino guinea-pigs, 300-450 g in weight, were used throughout. The skin of the trunk was 
depilated, after clipping away the hair, by a paste consisting of wheat flour, 350 g; talcum powder, 


350 g; barium sulphide, 250 g; Castile soap powder, 50g; and water. The depilated area was 


thoroughly washed with warm water. 
Detection of increased permeability. Neither the intradermal injection nor the pricking-in of 
histamine or 48/80 produce in the depilated skin any measurable reaction indicating change in 
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vascular permeability; and there is no trace.of the wheal that characterizes the reaction of human 
skin to histamine. In the skin of animals with circulating dye, however, both substances induce 
remarkably constant effects. A 5% solution of pontamine sky blue 6X (‘pontamine blue’) was 
used, given intravenously in the leg in doses of 65-75 mg/kg body weight. Animals so injected are 
referred to below as ‘blued’. A few minutes after the injection of the dye the sites of wounds, 
of too-long application of depilating paste, and of recent careless or even firm manipulation 
of the skin, become blue. Though traumatic blueing of this kind commonly results from 
depilation, with nice judgement it is possible to depilate cleanly without damage to the skin. 
Owing to the sensitivity to trauma of blued animals, injections cannot be made into the skin 
pinched into a fold between thumb and finger; the skin must be steadied by gentle stretching over 
the underlying tissue. 

In the absence of further interference, the skin of a blued animal becomes generally and maxi- 
mally stained in 10 hr or more; but up to 6 hr after the intravenous dye, the intradermal injection 
of a substance that increases permeability results in a local increase in the intensity of blueing. 
The best contrasts were. obtained within | hr of giving the dye. Unless otherwise stated, all our 
injections were given into the skin of the trunk posterior to the shoulder blade and anterior to the 
knee joint in the sitting animal, and omitting the thin skin about 30-40 mm on each side of the 
ventral mid-line; all solutions for injection were made up in 0-85 % saline, which by itself induces 
no blueing. The volume injected was usually 0-1 ml., which initially raises a bleb 9-11 mm in 
diameter. With short-bevel no. 26 gauge needles, a small area of traumatic blueing 1-3 mm in 
diameter develops at the centre of the bleb. 

Skin reactions in the ears of blued animals were induced either by free-hand intradermal in- 
jections with a no. 28 needle, or by injections with a mechanically manipulated glass micro-needle 
into animals under light bromethol (avertin) anaesthesia. The micro-injections were either intra- 
dermal or made directly into the lymphatic plexus of the ear, which is readily entered via one of 
the numerous anastomosing lymphatic channels at the margin of the « ear. The ears were trans- 
illuminated and observed under x 20 and x 40 magnification. 

Materials. The acid phosphate of histamine was used; amounts are cited as the weight of the 
base. The specimen of 48/80 (Wellcome Research Laboratories, U.S.A.) was probably in the form 
of the dimer, trimer and tetramer (Paton, 1951), with an average molecular weight of about 540 — 
The leukotaxine was a single batch prepared by Dr J. H. Humphrey, by a combination of the 
methods of Cullumbine & Rydon (1946) and Spector (1951), and corresponded to the fractions 
described by Spector as active in inducing capillary permeability, containing eight to fourteen — 
amino-acid residues. On this basis its molecular weight is of the order of 1500. 


RESULTS 
~The mechanics of intradermal injection 
The behaviour of injected drugs is determined in part by the mechanics of 
intradermal injection. The skin of the trunk moves loosely over the underlying 
abdominal and thoracic muscles. For our purpose this movable skin may be 
described as three layers of about equal thickness (Text-fig. 1a). (4) Epidermis 
and dermis which together are about 1-0 mm thick, appearing on cross-section 
as a dense whitish layer, whiter in the deeper part; the dermis contains an 
extensive plexus of blood vessels (sp) round the main bodies of the glands and 
hair follicles, and a fine plexus of lymphatic channels, detectable when indian 
ink is injected’ into this region by a micro-needle. (B) A looser connective 
tissue about 1-0 mm thick, appearing on cross-section as a grey gelatinous 
layer; at its base, immediately above C, the panniculus carnosus, is a plexus 
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of blood vessels (dp) and a coarse scanty plexus of lymphatic channels, each 
joined to the corresponding upper plexus in A by relatively few vessels. (C’) The 
panniculus carnosus, a muscle layer about 1-0 mm thick. 

In making an intradermal injection, the depth of the needle-tip to some 
extent determines the depth at which the bulk of the injected fluid will spread, 
but not as completely as is generally supposed. The fluid spreads outwards, 
upwards and downwards to form a lenticular mass of wet tissue (Text-fig. 16). 
When the needle tip is.as low as the deepest part of B, the swelling of the skin: 


(e) ff) Nh 
Text-fig. 1. Schematic sections of guinea-pig skin. (a) normal; (b) intradermal injection bleb; 
(c) blueing with low dose of histamine, showing traumatic blueing t, due to needle; (d) blueing 
with high dose of histamine showing central inhibition; (e) blueing with low dose of 48/80; 
: (f) blueing with high dose of 48/80, showing central inhibition, and haemorrhage, h. sp, 
_ @p=superficial and deep plexus of blood vessels. For definition of layers A, B and C,see p. 229. 


is due mainly to the distension of that layer, but when it lies in the middle of B, 
or in the dermis, both B and the dermis are equally permeated by the injection 
fluid. The initia] diameter of the bleb is a simple function of volume injected; 
being linearly related to log. volume (Text-fig. 3a-d). 

_ The initially domed injection-bleb of saline is scarcely visible after 3—4 hr. 
Some of the fluid is doubtless taken into the blood stream and some into the 
lymphatic channels; though, judging by the results of intradermal injection 
of dyes and indian ink, only a very small proportion of the injected substances 
escapes by the lymphatic channels during the first 2 hr. Other forces must be 
at work to account for the gradual disappearance of the bleb, which both 
decreases in thickness and spreads outwards. The diameter of a 0-1 ml. bleb, 
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measured under illumination by a very oblique beam of light, grows linearly 
with respect to log. time (Text-fig. 2); and on the average, blebs starting at 
10-5 mm are 19-5 mm in diameter after 2 hr and 20-5 mm after 4 hr. The rate 
of spread is much the same in freshly killed animals. The decrease in thickness 
is partly due to seepage through the muscle layer into the subcutaneous tissue, _ 
which becomes noticeably wet; and partly to the outward spread of the fluid. 
Of the forces responsible for the outward spread, diffusion is unlikely to play 
any large part, because theintradermal invasion of diffusible substances applied 
to the cut edge fo normal skin is small and slow (e.g. the enzyme hyaluronidase, 
Hechter, 1946). Spread probably takes place by mass movement of the fluid 
either by reason of the hydrostatic pressures engendered in the tissue during 
injection or because the tissue has an affinity for water, which moves therefore 
from the hydrated bleb to the surrounding less hydrated tissue. 
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Text-fig. 2. Growth of an intradermal bleb in the guinea-pig formed by 0-1 ml. saline. 

Pind Each point the mean of three blebs. 

Large syringe pressures are required to initiate an intradermal bleb. In 
a series of measurements on ten guinea-pigs, this pressure varied between 
80 and 140 em Hg; once the bleb was begun, it increased rapidly in size under 
syringe pressures of 60-100 cm Hg. Only 1-2 cm Hg were required to expel 
fluid rapidly from the unimpeded syringe needle. The tissues do not, however, 
store the energy to a degree represented by these pressures, because when the 
bleb is cut vertically across its middle, fluid oozes only very slowly from the cut 
surface. Indeed, the pressure within the bleb soon after it is made cannot be 
higher than that in the small vessels involved, because exudation from the 
vessels takes place in blebs only 3min old (see p. 236). Atthistime the maximum 
pressure must therefore be less than that in the largest vessels from which 
exudation takes place; and probably does not exceed 1-2 cm Hg. That the 
occlusion of the vessels during injection is only short-lived can be seen when 
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the formation of an intradermal bleb is watched under low-power magnifica- 
tion in a transilluminated hyperaemic ear. The hyperaemia is apparently 
restored after a few seconds. In arteries 0-4—0-8 mm in diameter, the flow 
returns in 5-10 sec; and in veins 0-5-2 mm in diameter flow returns in 
30-120 sec, and initial diameter is restored in under 3 min. The high injection 
pressures are apparently needed only to tear apart the tissues at the advancing 
edge of the bleb. 

Fluid may be expressed more rapidly vs gently ninching the cut edge of a 
bleb between finger and thumb. A great deal of the fluid therefore cannot be 
held by hydration of the tissues. It is presumably held in innumerable small, 
distended, interconnecting loculi in the connective tissues, and is forced out- 
wards to the periphery of the bleb by contraction of the distended tissue fibres. 
Hydration, however, may well account for the retention of some of the fluid 
in a cut bleb, as the following experiment shows. The average water content of 
pieces of muscle-free, intact skin from the trunk was about 50%; i.e. one part 
of dry matter holds about one part of water. Pieces of fresh guinea-pig skin 
were cut into 10, slices on a freezing microtome, washed in saline to remove 
damaged cells and the contents of the cells cut open during section, and the 
washed slices allowed to imbibe water from 0-85 %, saline for 30 min at 32° C. 
They were then deposited as a hard cake by centrifugation, and excess fluid 


removed from the deposit by firm pressing between sheets of filter-paper. The - 


average water content of these masses was about 70%, i.e. one part of dry 
matter can hold 70/30 =2-3 parts water. A 0-1 ml. bleb occupies about 160 mg 
of intact skin, which, if it attained the same degree of hydration as the sliced 
skin, could hold 80 x 2-°3=184 mg water; i.e. not rts the 80 mg of natural 
water, but the injected 100 mg as well. one 


The dosage-response to substances | 

The distribution in the skin of an intradermally injected substance will 
depend on its concentration and the rate at which it is adsorbed or ‘fixed’ by 
the tissues during the outward flow of injection fluid from the needle. A sub- 
stance that was adsorbed very little would spread with the injection fluid, and, 
according to the evidence in Text-fig. 2, would eventually produce lesions whose 
diameter was directly proportional to the diameter of the injection bleb; i.e. to 
the volume of fluid injected. Most substances, however, are adsorbed in some 
degree, and accumulate at and around the centre of the bleb. The relation of 
the bleb-diameter to lesion-diameter with different drugs can be used to 
characterize their adsorption to the tissues. It was explored for histamine, 
48/80 and leukotaxine by two methods of injection in blued animals: (a) graded 
concentrations in a constant injection-volume, and (b) graded. injection- 
volumes containing a constant dose. 
‘Constant-volume’ measurements. Four doses of the substance under test in 
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0-1 ml., were randomized in a 4.x 4 Latin square on the trunk, two rows on. 
each side of the spinal mid-line. Histamine, 48/80 and leukotaxine all pro- 
duced round blue lesions in the skin and in each case the lesion-diameters 
measured 30 min after injection were linearly related to the log. dose (cf. Text- 
fig. 5a, 6). The responses were subjected to analysis of variance, with the 
results exemplified in Table 1, which records a titration of histamine in three 
blued animals, The departure from linearity of the regression line of lesion- 
diameter on log. dose is insignificant. The variation between columns and rows 
is also anaignitionns, ‘so that for practical purposes the skin of the more — 


 Tance 1. s of variance of a titration of histamine in a 
4-fold Latin square in three blued guinea-pigs 


Degrees of 
freedom Sum of squares Mean Variance ratio. 
Between animals 2 38-2279 1-61395 1-66 >0-05 
Between 38-1275 10425 107 05 
Between rows 3 2-0174 0-6725 
Between doses 3 312-7425 104-2475 107-46 <0-001 
Linearity 72-8017 72-8017 75-05 <0-001 
Curvature 1 3-2939 3-2939 3-40 >0-05 
hae 235-8784 235-8784 243-15 <0-001 
Error 36 84-9239 09701 


part of the guinea-pig’s may be considered in its 
to histamine. (This is not true of the thinner ventral skin, where lesions tend 
to be larger.) Each animal yields a mean of four responses per dose. The error 
term for inter-animal variation is large, but reliable comparisons between 
various treatments were obtained in other tests by using four to six animals 
per group. This linear relationship differs from that found by Bain (1949) in 


_ the human skin, where area of histamine whealing was proportional to log. dose. 


Linearity of diameter against log. dose holds for many substances in guinea- 
pig skin: diphtheria toxin (Miles, 1949), tuberculin in tuberculous animals 
(Wadley, 1949) and appears to hold for other bacterial antigens in hyper- 
sensitive animals, and for the lesions produced in the blued animals by various 
toxins such as the exotoxins of Clostridium welchu, Cl. oedematiens and 
Staphylococcus aureus, and for cobra venom (unpublished work). The difference — 
in Bain’s titration may lie in the modification of histamine spread or of wheal-_ . 
diameter, by the copious exudation sha whealing that occurs in man but 
not in the guinea-pig. 

Full 4x 4 Latin-square titrations were usually made dics when the signifi- 
cance of a result was.in doubt; in most of the tests fewer replications of doses 
were used, partially randomized among three to six animals per group. In these 
titrations, 48/80 and leukotaxine differed from histamine mainly in the slope 
of the dosage-response lines. Slopes varied with each experiment, and par- 
ticularly with the amount of dye injected. Moreover, since the concentration 
of circulating dye falls rapidly during the first 2 hr, slope decreases with lapse of 
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time between blueing the animal and the intradermal titration. In guinea. 
pigs receiving 65 mg/kg tested soon after its injection, the slopes for histamine 
lay between 2-8 and 3-5, for 48/80. between 1-5 and 2-0 and for leukotaxine 
between 1-5 and 4-0. The shallow slope of 48/80, which indicates an increase of 
only 1-5-2-0 mm in lesion-diameter for a 10-fold increase in concentration, 
suggests that, compared with histamine, it is strongly adsorbed to the tissues. 
It should be noted that the susceptibility of this linear dosage-response to 
statistical analysis makes possible an accurate though not very precise measure 
of the potency of each of the three substances. The method is too insensitive 
for routine assay, but was well adapted to our investigations of skin reactions. 
Thus where parallel regression: lines can be fitted to two sets of log. dose- 
diameter responses, the horizontal distance between the two lines is the log. 
ratio of drug potency; and, for a given specimen of a drug, it is the log. inverse 
ratio of sensitivity to the drug. For example, in Text-fig. 5b, 3 mg neoantergan 
has shifted the slope to the right by 0-43 = antilog. 2-7. That is, the neoantergan 
has decreased the 48/80-sensitivity of the animals 2-7-fold, since 2-7 x the dose 
in normal animals is required to produce the same effect in the treated animal. 
‘Constant-amount’ measurements. In this method a fixed amount of the drug 
was injected in volumes of 0-05, 0-1, 0-2 and 0-4 ml.; i.e. the concentration of 
the drug is varied. The diameter of the blebs, measured immediately after 
the injections, was linear with respect to log. volume (Text-fig. 3a, A); and, 
according to the data in Text-fig. 2, after a given period (e.g. 30 min, Text- 
fig. 3a, B) the expanded bleb-diameters would be linear, on a line parallel to that 
for the immediate bleb-diameters (Text-fig. 3a, B). The slope of the initial bleb- 
diameters, irrespective of any lesion produced by the drug injected, is relatively 
constant in the region of 9-0. When the drug has acted the resulting lesion- 
diameters are also linear with respect to log. injection volume. Text-fig. 3a, 
C and D, records results with 12-5 and 50 zg pontamine blue in unblued animals. 
The ‘lesion’ here is the area of skin coloured by the injected dye. The slope of 
lesion-diameter is not parallel to that for initial bleb-diameter, which would 
have indicated no adsorption during injection. Nor is it horizontal, which 
would have indicated an adsorption so strong that it was independent of con- 
centration within the range tested. The slope of C and Dis in fact 5-5, compared 
with 9-7 for the initial bleb-diameter. Pontamine blue has a good affinity for 
skin tissue (Evans, Miles & Niven, 1948), and we would therefore expect slopes 
like C and D, which show that as the solutions are forced outwards during 
injection, adsorption decreases with decreasing concentration of the injection 
fluid. The magnitude of the slope, compared with that for the initial bleb, is 
a reasonable inverse indicator of the affinity of the tissues for the drug. Text- 
fig. 36-d, and Table 2 summarize similar titrations on histamine, 48/80 and 
leukotaxine; the slopes indicate that the tissue affinity is least for histamine, 
and greatest for leukotaxine. 


Re 
ry 
A 
rt 
ig 
2 
> 
4 
[ 


VASCULAR REACTIONS TO HISTAMINE 235 


_ The relative. position of the two slopes is also informative. . In Text-fig. 3a, 
the 50 yg line D crosses A at about 10 mm, i.e. the skin occupied by the initial 
bleb from 0-1 ml. just adsorbs the dye. The 50 yg of dye is clearly insufficient 


4 


Mean lesion diameter (mm) 


Volume injected (ml.) on log scale | 
Text-fig. 3. Constant-dose intradermal titrations. Lesion-diameters plotted against log. volume 
injected. Each point the mean of twelve to sixteen lesions, In all the graphs, O — O, mean 
diameter of the initial blebs raised by the fluid injected; @ — @, diameter of lesion produced 
by the substances injected. (a) pontamine blue: A, initial bleb-diameter; B, bleb-diameter 
after 30 min calculated from data in Text-fig. 2. C and D, lesion-diameters of 12-5 and 
50 ug dye. (b) Histamine, 8 yg; (c) 48/80, 13 wg; and (d) leukotaxine, 40 yg, in blued animals 
(see pp. 234-6 and Table 2). : tes 
to fill the 0-2 ml. bleb. It oversaturates the 0-05 ml. bleb so that as the fluid 
spreads outwards from the region initially filled by the injection, the excess of 
dye is carried some way with it; at 30 min, when the reading was taken, the 
dye has spread over 8 mm and the fluid (line B) over 12-5 mm. The intersect of 
initial bleb-diameters and lesion-diameters is thus a convenient measure of the 
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adsorbing power of the skin for a given dose of drug, though clearly it can 
give no information about the concentration. gradient of the drug within the 
bleb. It is the volume in which the adsorption of the drug is 80 balanced that 
the minimal effective concentration is produced at the edge of the initial bleb; 
and may be called the critical volume. In Text-fig. 3a, the critical volume for 
50 yg of pontamine blue is 0-105 ml. | 


TaBLe 2. Slopes and critical volumes in ‘constant-amount’ titrations 
leukotaxine 


of histamine, 48/80 and | 
Slope mean diameter Critical 
A. volume 
Substance dose (ug) Initial bleb ‘Lesion (ml) 
Histamine 8 8-6 6-6 0-400 
48/80 93 52 0-012 
Leukotaxine 40 86 41 0-058 
(Pontamine blue 9-8 6-2 0-105) 


For a valid comparison, the critical volumes of equimolar concentrations of 
histamine, 48/80 and leukotaxine were determined from the data in Text- 
fig. 3c-e (Table 2). 8 wg of histamine was tested, and the approximate mole- 
cular equivalent, 13 ug, of 48/80. The result for an equimolar amount of 
leukotaxine (40 ng) was extrapolated from the slope for 20 wg using the value 
4-0 for the slope of a constant-volume titration. The values both for slope and 
critical volume must be regarded as very approximate. Histamine (Table 2) 
has a high ‘constant-amount’ slope, and a high critical volume; it is thus 
relatively poorly adsorbed during injection, and the skin is relatively poor in 
adsorbing sites. Both 48/80 and leukotaxine are more strongly adsorbed, and 
the skin is richer in adsorbing sites. ; = | 

Skin reactions to histamine 

Histamine even as strong as 1-6% will not induce blueing in dyed animals 
when applied to undamaged skin. When the skin of blued animals is damaged 
by rubbing (cf. Matolsty & Matolsty, 1951) or scratching sufficient to produce 
patches of traumatic blueing, the application of 1° histamine will increase 
the size and intensity of such blueing, presumably because the drug, having 
penetrated the damaged skin, diffuses inwards from the damaged area. It is 
also possible to induce blueing by the electrophoresis of 1% histamine; the 
histamine is not however driven in uniformly, but produces irregular patches 
of blueing. In none of these tests was whealing ever observed. 

Intradermal injection in the trunk. Histamine injected intradermally into 
blued animals produces a round area of blueing that appears in 3-5 min and 
increases slightly in diameter and intensity during the next 7 min. In a volume 
of 0-1 ml., as little as 0-1-0-2 ug is effective; with increasing dose the blue in- 
creases in intensity and area. With amounts greater than 1-3 yg the colour 
first appears at the edge of the bleb, but gradually fills the centre. With doses 
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of 4 wg and more, the centre remains uncoloured except for the traumatic 
blueing round the site of needle-entry, and colour develops at the edge. More 
than 10-20 pg gaa only a narrow band of very faint blue at the edge of 
the bleb. | 

On section after 10 min, a 1 ug histamine lesion is seen to be uniformly 
stained at the skin surface, more widely stained in layer B (Text-fig. lc), and 
feebly stained in the muscle. Occasionally the staining is slightly deeper in the 
region of the two plexuses of blood vessels. With stronger doses of histamine 
(Text-fig. 1d), the drug has in 10 min spread downwards and outwards so that 
there is blue exudate in the underlying subcutaneous tissues, and the abdominal 
and thoracic muscles may be stained. The other feature of the stronger dose, 
the central inhibition of blueing, is also evident in cross-section, where the 
colourless zone reaches down to the muscle layer. 

The linear response, lesion diameter on log. dose, holds with Satnaliie for 
diameters between 5 and 17 mm: below 4 mm histamine blueing may be con- 
fused with traumatic blueing. In reading the diameters, inhibition of blueing 
at the centre is ignored even though with the higher concentrations of the drug 
only faint, thin rings of blue may be produced. The lesion-diameters measured 
on the under-surface of flayed skin are larger than those on the upper surface, — 
by about 40%. This ratio is approximately constant. There is, however, no 
advantage in the measurement, because the lesions are less well defined and, 
with the bigger doses, obscured by subcutaneous blue exudate. 

Intradermal injections in the ear. Blueing of the ear, as in the trunk (see 
below), was partly inhibited by bromethol anaesthesia; but under light 
anaesthesia it was sufficiently strong for a number of useful observations, 
though lesion diameters were not such a consistent guide to drug-sensitivity. 
The ear was found to be less sensitive to histamine than the skin of the trunk. 
In unblued animals, concentrations of 5—1000 ug/ml. caused immediate flushing 
of the skin of the bleb, which lasted about 10 min. Stronger histamine, up to 
10,000 g/ml. also caused immediate flush, and after 1} min an intense vaso- 
constriction, lasting 3-5 min, of the arteries traversing the bleb area. 

In blued animals, the permeability effect is visible in 14 min. The minimal 
blueing concentration was about 0-5 yg/ml. Central inhibition of blueing 
occurred at 50 yg/ml., lasting only 3 min, after which the centre of the bleb 
became blue. At 1000 pg/ml. it lasted about 16 min, unlike the central in- 
hibition by 50 g/ml. in the skin of the trunk, which persisted for several hours. — 
The results in Table 6 were obtained from blebs of 3 mm initial diameter; the 
injection volume was not measured exactly. 

With concentrations of 100 pg/ml. the area of blueing of a 3mm bleb was 
10mm in diameter after 10 min. Histamine in stronger concentrations, 
1000-10,000 jg, leaked into the lymphatic. plexus, spread both distally and 
proximally through the freely anastomosing channels, passing back into the 
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tissues to produce an oedematous wedge-shaped area of intense blueing with 
its apex’at the base of the ear where the main lymphatic ducts leave the ear 
(Pl. 1A, B). This is a characteristic lymphatic spread of strong histamine in 
the ear, and is also produced by strong histamine injected directly into the 
lymphatic plexus. It is evident therefore, that —_—— ony passes both 
ways ttirough endothelium. 


Factors that chenge skin-reactivity to histamine wn the ak. 


Temperature. Depilated animals held at 10° C react poorly to iiileaaine: 
those at 20° C react well; and those at 37° C poorly and irregularly. Thus, the 
mean lesion-diameters for 3, 9 and 27 yg histamine were 6-7, 8-3 and 9‘6 mm 
at 20° ©, and 4-7, 5-7 and 5-9 mm in animals held at 37° C. The intensity of 
blueing was considerably less at 37° C. In this reaction to heat the guinea-pig 
is similar to man in his apnea reaction to histamine — & — 
Anaesthesia. Under ether, chloroform, 
tone and urethane anaesthesia, blueing is greatly diminished or even abolished. 
In general, the deeper the anaesthesia, the greater the inhibition of blueing. 
After a short period of anaesthesia with ether, bromethol or chloroform, 
reactivity is sometimes restored on recovery. Loss of reactivity is accom- 
panied by a decline in the pressure of the central arteries of the ear, measured 
by a modified Grant’s capsule (Miles & Niven, 1950), from 40 to 70 mm in the 
unanaesthetized state; to 20-40 mm Hg. This suggests that in the skin of the 
trunk also there is in anaesthesia a decline in blood pressure to the point where 
dye is no longer forced out into the tissues, though the permeability of the 
vessels may be increased by the histamine. However, in many recovered 
animals, in which the blood pressures in the ear have returned to normal, the 
skin of the trunk remains unresponsive; either the anaesthetic has modified 
| histamine-sensitivity, or the circulation is in — areas restored less quickly 
than in the ear. 

Shock. In guinea-pigs given sublethal shocking doses of Proteus vulgaris and 
Bacterium coli endotoxins, of adenosine-triphosphate, insulin or intraperitoneal 
hypertonic glucose, reactivity to histamine is diminished; and, as in anaesthe- 
sia, the loss is associated with low blood pressure in the ear, and with low skin 
temperature (Miles & Niven, 1950). In shocked or anaesthetized blued animals, 
; whose skin does not respond to histamine, it is possible to demonstrate an 
increase in capillary permeability by indirectly raising the intracapillary 
pressure. When a suction cup is applied to the skin of these animals, substantial 
blueing of a histamine-treated area is produced within 5 min, by a suction of 
10 mm Hg applied intermittently for 2-3 sec every 10 sec. 

Infection and malnutrition. Guinea-pigs suffering from spontaneous chronic 
infective abscesses, or in poor health because of heavy infection with B.c.c. 
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(Bacillus of Calmette and Guérin) or as a result of long-term partial deficiency 
of vitamin C, react poorly to histamine. ~~ | | 

Cortisone; preparations of adrenocorticotrophic hormone (ACTH) and posterior 

pituitary lobe extract (P.P.8.). In an attempt to relate the anti-allergic effect 

of cortisone and ACTH to an effect on histamine sensitivity, histamine was. 


titrated in blued animals, 2-3 hr after 


doses of cortisone (2mg) or ACTH (li.u:). 
10 


diminishing tuberculin: allergy in the 
guinea-pig (Long & Miles, 1950). The 
cortisone had no effect. The diameters 
of the lesions were not substantially 
changed by the ACTH, but intensity of 
staining was greatly diminished. At this. 
time, the skin of the ACTH-treated 
animals was slightly colder than those of 
controls. Nearly all current preparations 
of ACTH contain some posterior lobe 
extractives, and these may have been oi 
responsible for the ACTH effect we ob- " 
served. Certainly both 2 and 0-2 i.u. , Js 2 

4 ext-fig. 4. The depressant effect of in- 
P.P.E., given subcutaneously 2} hr before  tramuscular posterior pituitary extract 
the titration, diminished reactivity to  (v.r.x.)on histamine blueing in the guinea- 
histamine (Text-fig. 4); and here again _ pig. Each point themeanof twelve lesions. 
the diminution was probably due to poor re 
blood supply, because the skin was cooler. 
than that of the controls. 

Neoantergan. 20 wg neoantergan (mepyramine maleate) given intradermally 
in 0-1 ml. itself induced slight blueing of the skin; 5 yg histamine induced in- 
tense blueing 11 mm in diameter; and 20 wg neoantergan mixed with 5 yg 
histamine gave a pale blue area 10 mm in diameter. Local neutralization by 
neoantergan is therefore possible, but not very effective. Intravenous neo- 
antergan, on the other hand, is most effective; 0-1 mg/kg almost abolished 
histamine blueing, and 0-02 mg/kg diminished the efficacy of intradermal 
histamine about 9-fold (Text-fig. 5a). | 

Excepting inhibition in animals held at high atmospheric temperatures, and 
by intravenous neoantergan, most of the effects on blueing described above 
can be attributed to a decline of intravascular pressure, rather than to in- 
sensitivity to histamine. Thé insensitivity of an abnormally warm skin may be 
due, as Lewis & Grant (1924) suggested for the human subject, to the more 
rapid removal of histamine in the more physiologically active tissue. The 
variety of the states in which there is inhibition of blueing is a warning that 
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absence of local blueing cannot safely be interpreted as.absence of increase in 
capillary permeability unless there is good reason to believe that the blood 
supply to the skin and the state of the skin vessels have not been altered by 
the experimental procedure. On the other hand, it is reasonable to assume 
that a substance like histamine, which rapidly induces a deep blueing in healthy 
animals held at an atmospheric temperature of about 20° C, ddes so by an 
abnormal increase in capillary permeability. Histamine can act as vaso- 
dilator, but it is unlikely that the increased blueing in the guinea-pig is due 
to increased flow and exudation of dye as a result simply of vasodilatation, as 
suggested by Dekanski (1949). The rate of histamine blueing is too rapid to 
be attributable to this cause. Histamine induces in 3 min an intensity of 
blueing reached by untreated skin in 10 hr or more; i.e. the rate of accumula- 
tion of the dye is increased by over 200-fold. "hd 


La 


Mean lesion diameter (mm) 
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(a) (0) | 
Text-fig. 5. The effect of neoantergan (N) on blueing in the guinea-pig. Each point the mean of 
twelve or sixteen lesions, (a) Histamine, NV, =0-02 mg/kg, N,=average diameter of lerion 
with 0-1 mg/kg; (6) 48/80, NV =8 mg/kg; (c) leukotaxine, N =3 mg/kg. 
The time-course of the histamine effect oo 
The rate of ‘fixation’ of histamine. The ‘constant-amount’ titration of hista- 
_ mine (Text-fig. 3b, Table 2), measuring the blue area developing in 10 min, 
shows that during injection the drug is lightly adsorbed. Within 5 min, however, 
some reaction with tissue must have occurred, because the increased perme- 
ability is by that time almost fully developed. The rate of that reaction may be 
estimated by the technique of superinjection (Miles, 1949) in which a substance 
is injected through a needle painted with a trace of indian ink so that the site 
of needle entry is exactly marked; and after an interval an injection of saline 
made into the same site. If any of the injected substance is free, it will be dis- 
placed outwards by the superinjected saline beyond the periphery of the initial 
bleb, with @ consequent increase in the size of the lesion; if there is no increase, 
the injected substance has already been held fixed or destroyed by the tissues. 
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In applying the method to histamine and histamine-liberators the evidence 
from increase in lesion-diameter is not unambiguous because the superinjected 
saline may push, not free histamine, but already-formed blue exudate, beyond 
its original confines. The ambiguity may be resolved in part by determining 
the rate at which ‘exudate’ is fixed to the tissues. To this end, guinea-pig 
serum was coloured with pontamine blue so that in an unblued animal 0-1 ml. 
stained the skin to the intensity produced by 3 yg histamine in 0-1 ml. injected 
into a blued animal. Into the sites of injection of this fluid, 0-2 ml. saline were 
superinjected after graded intervals of time. The results were variable but in- 
dicated that some of the dyed serum was fixed within 3-4 min and the rest 
could be dislodged by superinjection up to 20 min, later. The best that can be 
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Age of lesion at superinjection (min) 
Text-fig. 6. The fixation of 3 yg histamine by guinea-pig skin. Superinjection of histamine lesions 
by 0-2 ml. saline. C =average diameter of control lesions. Each point the mean of four lesions. 
hoped for from the test is that with time the lesion-diameters decline to a 
steady value, but this will not necessarily be the same as the diameter of lesions 
left to develop without superinjection. When saline was superinjected into 
blebs made in blued animals with 3 yg histamine (Text-fig. 6) little was fixed 
in 3-4 min, a period corresponding to the latent period before blue exudation . 
starts, the greater part was fixed in 4-12 min, and nearly all was fixed in 
16 min old lesions. If we allow 3 min for the fixation of the blue exudate, then 
all the histamine may be fixed in as little as 13 min, and most of it is fixed, as 
might be expected, during the period when the histamine-induced exudation 
is taking place. 

Duration of increased permeability. The duration of the histamine effect was 
measured by injecting 2 wg in 0-1 ml. at regular intervals for 30 min in an 
animal, and giving the dye intravenously immediately after the last intra- 
dermal injection; there are thus lesions varying in age from 1 to 30 min when 
the dye is injected, and lesions in which the vessels are no longer permeable do 
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not blue. It is clear from Text-fig. 76 that after 10 min the capillaries have 
recovered; only the traumatic blueing caused by the needle remains. A similar 
result was obtained in the ear (Text-fig. 7a) Here the residual traumatic 
blueing due to the fine micro-needle is minimal. 3 


Mean lesion diameter (mm) 


Min 
(a) 


Mean lesion diameter (mm) 


Age of lesion when dye injected (min) 
(b) 

Text-fig. 7. The duration of increased permeability in guinea-pig skin. In each case there is a 
decline to the level of traumatic blueing induced by the injection needle. (a) The ear: 
histamine, approx. 2 yg in 0-02 ml., O — O; 48/80, 2 ug in 0-02 ml., V—vV. (6) The trunk: 
histamine, 1 yg in 0-1 ml., — O; 48/80, 20 ug in 0-1 ml., W—Y;; 2 pg in ml, V—V; 
leukotaxine, 10 pg in 0-1 ml., J — 0. 


Immunity to histamine. It follows that the site of a histamine injection 
remains colourless if it is 10-15 min old when dye is given. When more hista- 
mine is superinjected into such a site, blueing is either feeble or absent. The 
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injection site has become refractory—or immune—to further histamine. The 
immunity is neither solid nor regular in its manifestation; it may take the 
form of diminished area of feeble staining, as though all the tissue were partly 
immunized ; or of small patches of blue from 1 to 4 mm in diameter, as though 
the blood vessels in certain areas of the injection site had escaped immuniza- 
tion. This irregularity of response partly spoils measurement of immunity in 
terms of lesion-diameter, but the differences between immune and non-immune 
tissues are usually so large that mean lesion-diameters are good enough indices 
of the change. It is clear, for example, from Table 3, that after 1 hr 9 pg 


TaBLE 3. Immunizing action of intradermal histamine to injections 
of histamine made I hr later. Means of three lesions 


Mean diameter di ity* of reaction 
ean (mm) an 


Immunizing to test dose of 
dose of A 
histamine (yg) 1 pg 3 pg 9 pg 
Nil 8-5 + + 10+ + 11-3 + + 
9 0 6 f. 7-8 f. 


induces a solid immunity to 1 yg, and a substantial immunity to 9 yg. A num- 
ber of similar experiments established that though some immunity is present 
after 10 min, when the capillaries have recovered from the immunizing dose 
it is greatest in lesions 14-24 hr old, and is passing off after 4 hr. : 
Histamine in concentrations of 10-100 g/ml. immunized the ear vessels to 
histamine. Immunity was irregular in lesions up to 35 min old, well established 
after 40 min, maximal at 2-3 hr and lasted up to 5 hr. After 40 min, 50 g/ml. 
had immunized to a test dose of 50 ug/ml. so that the diameter and intensity 
of blueing was reduced from 9 mm+ +, in a control area to 4mm +, in the 
immunized area; 20 g/ml. did not immunize to 50 ug/ml., and the immunity 
induced by 10 yg/ml., though it protected against 10 »g/ml., lasted only 60 min. 


The inhibition of skin-reactivity by high concentrations of histamine 

The restriction of blueing to the periphery of blebs containing 4 yg histamine 
or more may be explained in terms of the recovery of normal impermeability 
and of immunity, if we also postulate that the histamine at the centre of the 
bleb was strong enough to induce vasoconstriction of the arterioles for at 
least 10 min. As a result, the centre of the bleb would not blue during this 
time because the blood supply is cut off—a state corresponding to the inhibition 
of whealing in man by pressure-occlusion of the vessels—and by the time the 
blood supply is re-established, the central capillaries would have recovered 
from the histamine. Alternatively, the reaction of the vessels with high con- 
centrations of histamine may proceed so rapidly that the immune stage is 
reached before the preceding stage of permeability can manifest itself by the 
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Lewis & Grant (1924) inferred that the refractory state was not due to 
occlusion of the lumen of the vessels by viscous R.B.C. or other material, because 
it could be induced in a relatively bloodless arm, and because, even though 
whealing was inhibited, vascular reactions that indicated a fully patent vascular 
bed could still be elicited. There is no anatomically convenient site in the 
guinea-pig for occlusion tests as applied by Lewis & Grant, and the dermis is 
too dense for direct observation of vascular changes. The vessels were proved 
patent by direct test. Injections of 5 or 10 pg histamine were made at inter- 
vals, in the skin over the right scapular region of normal guinea-pigs under 
urethane anaesthesia. At the end of the series of skin injections, 4 ml. indian 
_ ink was put into the right axillary artery. During the preparation of this 
artery, the blood supply to the skin was interrupted for the last 2-3 min of the 
experiment. The state of the vascular bed was deduced (a) by direct observa- 
tion of the blackening of the skin; (6) from the pattern of the ink-filled vessels 
seen by low-power microscopy in excised skin areas fixed in 10% formalin, 
dehydrated and cleared with clove oil; and (c) from the distribution of ink in 
the lumen of capillaries seen in histological section of individual blebs. In tests 
by these methods on eight animals, there was no evidence of blocked vessels 
in histamine lesions from 5 to 30 min old. 


Skin reactions to 48/80 

Intradermal injection in the trunk. In the skin of blued animals, 48/80, like 
histamine, induces a round area of blueing whose diameter is linearly related 
to the log. dose injected in a constant volume of 0-1 ml. (Text-Fig. 56). The 
slope of the dose-response line is much less than that of histamine, varying 
between 1-5 and 2-0. The blueing develops in 3-5 min and is more intense than 
that produced by histamine; the minimal effective dose distinguishable from 
traumatic blueing by the injection needle is about 0-2 ug. With doses of 2-4 pg 
the blue first appears at the periphery of the bleb and invades the centre. In 


cross-section of 48/80 lesions the blue area is confined to the two upper layers — 


of the skin (Text-fig. 1e), The blueing is not uniform as it is with histamine; it 
is more intense in the region of the two plexuses of blood vessels, and especially 
that immediately over the muscle layer. The 48/80 does not spread downwards 
to the subcutaneous tissues. Even with doses of 301g in 0-1 ml., only the upper 
part of the muscle layer is blued, and there is no blueing of subcutaneous 
tissues or underlying muscle. This is not due to absence of histamine available 
for liberation in the muscle or subcutaneous tissues, because direct injection of 
48/80 into these sites induced intense localized blueing. This difference in the 
spread of 48/80 and histamine from the injection site is not likely to be due 
to the difference in molecular weights, which are of the order of 540 for the 
trimer of 48/80 and 310 for the acid phosphate of histamine; the difference 
confirms the conclusions about the greater adsorption of 48/80 derived from 
the results of the ‘constant-amount’ titrations (Text-fig. 3c and Table 2). 
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The centre of the 48/80 bleb remains unblued with doses over 5 yg; at most 
it becomes pink with a purplish tinge, and sometimes there are small patches 
of haemorrhage (Text-fig. 1f). The absence of response may in part be due to 
temporary vasoconstriction by 48/80 itself or by the histamine it liberates, 
followed by recovery of normal permeability before the vessels become patent. 
But it is to a large extent due to a more permanent damage, presumably 
thrombotic, to the blood vessels, because the pink area remains when the 
surrounding skin is blackened by intra-arterial injections of indian ink; and the 
blocking of the vessels is evident in stained sections of the ink-treated skin. 

Intradermal injection in the ear. Concentrations of 10 and 100 pg/ml. caused 


an immediate flushing; with 10 pg/ml. blueing started in 7 min, and with 


100 pg/ml. in 1} min. Blueing in a histamine bleb develops uniformly over the 
treated area, whereas that due to 48/80 begins at the edge of the bleb and after 
5 min, along the course of the large vessels, particularly the arteries, lying 
under it. These paravascular streaks then coalesce to form a uniformly blue 
lesion. Above 250 pg/ml. this blueing occurs only at the periphery of the bleb. 
There is a central area whose size varies with the concentration, in which 
within 1} min, the small superficial vessels thrombose without prior constric- 
tion. The underlying larger vessels become invisible but refill with circulating 
blood after about 10 min. By this time there is very slight blueing in the 
central area, so that by naked eye the lesion is faint purplish pink in the centre 
surrounded by deep blue (Pl. 2A). This central thrombosis and inhibition 
persist for over 6 hr. 

Though 48/80 spreads outwards to blue an area 50-200 times that of the 
initial bleb, the resulting lesion is always round. Unlike histamine, 48/80, even 
at 10,000 g/ml. does not leak in the lymphatic plexus beyond the confines of 
the bleb to produce a wedge-shaped blue lesion. Even when 48/80 is injected 
directly into the plexus, the blue area is approximately round (Pl. 2B). After 
15 min or more a blue prolongation towards the base of the ear may develop, 
but this is observably the coloration of the lymphatic ducts with blue exudate 
from the bleb; it is not due to an increased permeability of blood vessels 
adjacent to the channels, as with histamine. These observations confirm the 
conclusions from the behaviour of 48/80 lesions in the skin of the trunk, that 
it is fixed firmly and rapidly to the tissue, whereas histamine at first moves 
freely, and begins to be fixed only after 2-3 min; and that inhibition at the 
centre is due to thrombosis of the vessels. Moreover, since 48/80 lesions blue 
as fast as histamine lesions, but no faster, and since the duration of the 48/80 
effect is almost identical with that of histamine (Text-fig. 7a), it is probable 
that 48/80 liberates histamine very quickly and its latent period is mainly that 
of the liberated histamine. | 

Factors that change the skin-reactivity to 48/80. Blueing by 48/80, like that 
by histamine, is partly inhibited during anaesthesia and shock, and by 


to 
ar 
he 
is 
4 
an, 
is 
he 
a- 
n, 
in j 
Is 

1e 

n 
g 
8 
it | 
y [ | 
e 
of | 
| 

e 
e 
e q 


246 A, A, MILES AND E. M. MILES 


warming the animals in an atmosphere at 37 °C. Sickly animals respond poorly 
to 48/80; this is probably not due to a diminution in the skin of histamine 
available for liberation, because the same animals are proportionally insensitive 
to histamine itself. As with histamine, most of the states of apparent insensi- 
tivity to 48/80 appear to be due to a poor blood supply to the skin. 

Neoantergan intravenously is much less effective with 48/80 than with 
histamine. The effect of 8 mg/kg body weight 30 min before the injection of 
48/80 is shown in Text-fig. 5b. Three concentrations of 48/80 and a saline 
control were titrated in blued animals, the four doses being randomized in a 
Latin square over sixteen sites. Three animals were used in each group so that 
each point is the mean of twelve readings. There is a 3-fold decrease in the 48/80 
effect. In other tests 6 mg neoantergan/kg decreased the effect 5-fold, and 
2 mg decreased it 2°5-fold. In a few animals the neoantergan greatly diminished 
the intensity but not the area of blueing by 48/80. The relative inefficiency of 
circulating neoantergan in antagonizing 48/80 suggests that 48/80 may have 
@ more direct action on capillary permeability; histamine activity was reduced 
9-fold by 0-02 mg neoantergan/kg, whereas as much as 6 mg/kg was required 
for a 5-fold decrease of 48/80 activity. Moreover, doses up to 15 mg/kg, which 
is near the LD50 of neoantergan, did not abolish the response to 48/80. It is 
possible that at the centre of the bleb, 48/80 itself is in a sufficiently high con- 
centration to increase capillary permeability by direct action. Nevertheless, 
since the area of the 48/80 lesion is diminished by neoantergan, the drug in the 
concentrations obtaining at the edge of the lesion clearly act by liberating 
histamine. In the centre of the lesion, either the increase in permeability is 
not wholly due to histamine, or the available neoantergan is overwhelmed by 
histamine rapidly liberated by the high concentration of 48/80. 

Fization of 48/80. Superinjection of 0-2 ml. saline into lesions of various 


ages made by 2 yg of 48/80, failed to increase the lesion-diameter after 2-3 min. 


With larger doses, 48/80 remained free for a longer period, and superinjection 
increased the lesion-diameter after 10 min or more. 

Duration. The increased permeability, as tested by late blueing, induced by 
a single dose, lasts for 7-10 min, after which it declines, so that after 20-25 min 
no blueing occurs. In the graph illustrating this recovery (Text-fig. 7b), the 
arrows indicate the period between 12 and 15 min, when the blueing ceases to 
be intense and becomes relatively feeble; the decrease in lesion-diameter does 
not fully indicate the recovery of the vessels, which is substantially complete 
at 12-15 min. 

Immunity. The three experiments in Table 4 exemplify the immunity in- 
duced by 48/80 to test injection of the same substance. Thus in Expt. I, 2 yg 
partly, and 10 yg almost wholly, immunize to test doses of 10 pg. In Expt. II, 
50 »g immunize to 50 wg to some extent after 30 min and well after 3 hr, 
whereas after 5 hr the immunity is wearing off. Immunity is maximum 
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between 1-5 and 3-5 hr (Expt. ITI). In the ear, a concentration of 20 pg/ml. 
immunizes well to test doses of the same concentration. Here also, the im- 
munity is at a maximum between 1-5 and 3-5 hr, and then passes off gradually 
and is gone at 5-6 hr. 


TaBye 4. Tmmunizing action of intradermal 48/80 and histamine. Means of four to six lesions 
Mean diameter (mm) and intensity* 
of reaction to test dose of 


Immunizing agent of primary 
Expt. and dose (ug) me (hr) 48/80 (10 yg) Histamine (2 yg) 

48/80 0 2 + 7-0 f. 

2 2 2-0 f. 2-0 f. 

2 10 2 8-0 f. 2-0 f. 

0-5 9+ 8:5 + 

48/80 50 3 1-5 f. | 2-0 f. 

5 4+ 8-0 
0-5 9+ + 2+ 
II 4 Histamine 5 3 9+ + 8 f. 
5 85+ + 9+ 

0-5 10+ + 10+ + 

Saline 3 10-5 + 10-5 + 

Ill 48/80 30 0-5 52+ 73+ 

15 18+. 2-0 f. 

2-5 0-0 0-7+ 

3-5 3-84 5-5 + 

4-5 3-3 + 6-5 + 

5-5 72+ 6-7 + 

6-5 6-2 + 6-7 + 

Saline 25 + 6-7 + 


* Intensity: symbols as Table 3. 

The site of action of 48/80. The accumulation of blue at the level of the two 
plexuses of blood vessels in skin treated with 48/80, as compared with the more 
general blueing with histamine (Text-fig. 1) and the visible development of 
blueing along the larger vessels of similarly treated ears, suggests strongly that 
the main reservoirs of histamine available for liberation are closely associated 
with the smaller arteries and veins. The association of this histamine with 
blood vessels may also be inferred from the intensity of blueing induced in 
body skin by the two substances. The amount of histamine that can be extracted 
from the skin of the trunk is about 3 yg/g (Feldberg & Miles, unpublished work); 
and a 10 mm lesion occupies about 150 mg skin. The intensity of blueing 
induced by enough 48/80 to give a lesion-diameter of 10 mm is far greater 
than that produced by injecting 0-5 wg histamine (the amount that 48/80 pre- 
sumably liberates) in about 0-35 ml. saline, a volume that will give a 10mm 
lesion (see Text-fig. 3b). We conclude that after injection a great deal of this 
dose of histamine is ineffective because it is distributed through relatively non- 
vascular tissue, and that the endogenous histamine which can be liberated by 
48/80 must be concentrated near or in the blood vessels. 

Cross-immunity with histamine. As already noted, the lesions develo ping 
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after the injection of a substance into an already-injected site are variable and 
not easily measured. Cross-immunity is nevertheless obvious by reason of a 
decline in intensity or size or both, of the blued area. Tables 3 and 4 exemplify 
the results usually obtained. Histamine and 48/80 each induces a good im- 
munity to itself; histamine induces only a fair immunity to 48/80, but 48/80 
induces a good immunity to histamine. In the ear, concentrations of 20 ug/ml. 
of both induced a good though not marked cross-immunity between 48/80 and 
histamine. It appears, therefore, that 48/80 immunizes both by liberating 
histamine, which in turn immunizes the susceptible vessels, and either by 
exhausting the histamine which can be liberated in the skin or by interfering 
with the mechanism of release of the bound histamine not liberated by the 
immunizing dose. 
Skin reactions to leukotaxine 

In most respects, the reaction of the blood vessels to leukotaxine were 
remarkably similar to those produced by 48/80. The chief difference lay in the 
very high concentration of leukotaxine required to induce thrombosis of the 
vessels, 

Intradermal injection in the trunk and the ear. Like 48/80, leukotaxine induces 
in 3-5 min a round area of intense blueing, the diameter of which is in pro- 
portion to the log. dose in the constant-volume titration (Text-fig. 3d) and to 
the log. volume in the constant-amount titration (Text-fig. 5c). Leukotaxine 
appears to be strongly adsorbed to the skin tissues (Table 2); minimal blueing 
dose in 0-1 ml. is about 1 yg; inhibition of blueing at the centre of the bleb may 
occur. with amounts from 10 ng upwards, absent in some animals until 100- 
500 wg is reached. This inhibition is not permanent; the area blues within 
15-25 min. With large doses, 2 mg or more, small areas of permanent inhibition 
are produced. On cross-section, the blue leukotaxine blebs are like those of 
48/80 (Text-fig. 1e). 

In the ear, concentrations of 200 g/ml. and over induce a general dilatation 
of the small vessels within 30 sec, and a rapid blueing that starts first along 
the small vessels, then the larger veins and finally along the larger arteries 
within the bleb. When concentrations of 300 wg or more per ml. are placed near 
one of the larger veins or arteries, a narrow band of vasoconstriction may 
appear within 1 min, disappearing after 1-2 min. With concentrations above 
2-5 mg/ml., thrombosis of the vessels may occur at the centre of the bleb, 
though it is less severe and less regular in occurrence than that induced by 
48/80. The blued areas are always approximately round (cf. Pl. 2B) whether 
made by intradermal or intralymphatic injection. 

Effect of anaesthesia and neoantergan. Blueing is diminished in area and 
intensity during bromethol and urethane anaesthesia. Intravenous neoanter- 
gan, 3-8 mg/kg body weight, diminishes the leukotaxine effect from 1-5- to 


4 
if 
+. > 
G 
a 
3 
> 
Wg 
a 
> 
| 
| 
q 
4 < > 
G 
q 


VASCULAR REACTIONS TO HISTAMINE 249 
3-fold (Text-fig. 5c); the degree of neutralization is of the same order as that 
of 48/80, but rather less marked. : 

Time-course of the leukotawine effect. By the superinjection method, putting 
0-2 ml. saline into 5 yg lesions, all the leukotaxine appeared to be fixed in 


- 16 min and most of it in the first 5-8 min. The capillaries of the skin treated 


with 10 wg wholly regained their normal impermeability within 25 min; most 
of them had recovered after 10 min (Text-fig. 7a, b). 7 

Immunity. Table 5 typifies the results of several tests of leukotaxine im- 
munity. Three immunizing doses of each substance, histamine, 48/80 and 
leukotaxine were used, and immunity tested after 2 hr by superinjecting the 
lowest dose again. As is common in all such tests, immunity is best when the 

Taste 5, Immunity and cross-immunity induced in the skin by leukotaxine. 
| Primary lesions 2 hr old. Means of four lesions 
Mean diameter (mm) and intensity* 


of reaction to test dose of 
Imm agent Histamine 48/80 Leukotaxine 
and dose (ug (2 ug) (5 wg) (17 ug) 
Histamine 74+ N.T. 70+ + 
4 N.T. + 
2 71+ 
0 10-0 + 78+ + 76+ + 
48/80 20 N.T 3-44 2-0 + 
10 N.T 22+ 
5 8-0+ 46+ 5-0 + 
0 9-0 + T2++ 8-0 + + 
Leukotaxine 67 N.T N.T. 40+ 
33 N.T N.T. 3-44 
17 9-0+ 7-1+ 4:84 
0 9-5 + 78++ 744+ + 
* Intensity: symbols as in Table 3. 


N.T.=No test. 


immunizing dose is 4-10 times greater than the test dose. In this example 
immunity must be judged as much by decrease in intensity as by decrease in 
diameter of the blueing. Leukotaxine immunizes well to itself but only 
moderately to histamine and 48/80. Histamine immunizes moderately to itself 
and 48/80, and slightly to leukotaxine; whereas 48/80, though immunizing 
only moderately to histamine, immunizes well to itself and leukotaxine. 
Leukotaxine immunity is maximal in 1-2 hr, and has passed off by the 4th hr. 


DISCUSSION 


The study of increased permeability in the skin of the trunk of blued guinea- 
pigs has shown that after a latent period of 14-3 min, injected histamine in- 
duces a gross increase in capillary permeability, which is maximum within the 
next 5 min. In concentrations of from 1 to 100 pg/ml. it can be characterized 
by the response of blued animal to varied doses in constant injection-volume 


if 
y 
+. > 
‘ 
| 
| 
| ; 
q 
| | 


250 A. A. MILES AND E. M. MILES 


and to constant doses in varied injection-volume. By the superinjection of 
saline into histamine lesions of varying ages, and by the intravenous injection 


of dye at varying periods after the intradermal histamine, it can be shown — 


that from 3 to 10 min free histamine is disappearing from the lesion, and the 
capillaries are recovering their normal low permeability. By the superinjection 
of histamine into recovered histamine-treated areas, it can be shown that as 
they recover, the vessels become partly immune to histamine; the immunity 
increases up to 2 hr, and declines after 4 hr. This immunity is not due to any 
interruption of the blood supply to the immunized tissues. With concentra- 
tions above 100 pg/ml. no blueing due to increased permeability is detectable. 

In the ear, the outstanding peculiarity is the high concentration required 
to produce even a 15 min inhibition of blueing at the centre of the lesion, and 
the transience of the effect with lower concentrations (p. 237 and Table 6). 


_ Jeukotaxine in the of the trunk (10 mm blebs) and the ear (3 mm blebs) 
Minimal effective 
concentration in yg/ml. 
Blueing Histamine 1-2 0-5 
48/80 5-0 
Leuk 10 
Temporary inhibition of Histamine 10-30 50 
.  blueing, and arterial con- 48/80 10-30 250 
striction* Leukotaxine 100 ; 300 
Thrombosis of blood vessels 48/80 30-50 250 
Leukotaxine 2500 5000 
10000 
> 
Leukotaxine >10000 


* Presumed in trunk, demonstrable in ear. 


In the skin of the trunk inhibition lasts for hours. For this relative permanence 
we postulated an arterial vasoconstriction, and therefore an absence of exuda- 
tion, for periods longer than the duration of increased permeability. This 
relation does not hold in the ear because vasoconstriction is visibly relaxed 
within 3-7 min, and increased permeability lasts up to 8 min and may persist, 
though feebly, for 12-15 min. The relative insensitivity of the ear to this in- 
hibitory effect may be a reflexion of its greater vascularity; either the injected 
histamine is swept away by the blood and lymph streams more quickly or much 
of the injected histamine is taken up by receptors in the numerous small vessels, 
so that on reaching the underlying larger vessels its concentration is too low 
for vasoconstriction. As Table 6 shows, the ear displays the same relative in- 


sensitivity towards 48/80 and leukotaxine, and presumably for the same 
reasons, 
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The action of 48/80 in many ways resembles that of histamine. Both sub- 
stances have a latent period of about 3 min. When blueing starts they become 
‘fixed’ to the tissues; as blueing proceeds, the vessels recover their normal low 
permeability and are apparently normal at the end of 10-20 min. They are at 
this time partly immune to second doses of the same size, and the immunity 
increases for 2 hr; and after 4 hr it begins to decline. But there are marked 
differences, which raise the question how far the release of histamine accounts 
fully for the action of 48/80 on capillary permeability? First, the distribution 
of blueing by histamine is general, but that produced by 48/80 is concentrated 
in the region of the arteries and veins in both the skin of the trunk and the ear, 
suggesting that bound histamine is localized in or near these larger vessels. 
Secondly, whereas high concentrations of histamine inhibit blueing by altering 
the immunity of the vessels, high concentrations of 48/80 do so by damaging the 
vessels so that thrombosis occurs. Thirdly, the two substances differ in their 
susceptibility to circulating neoantergan; we have to assume either that 48/80 
has a direct action on capillaries, or that the histamine it releases is less 
sensitive than injected histamine to neoantergan. Since 48/80 is well estab- 
lished as a potent histamine-liberator (Feldberg & Paton, 1951; Paton, 1951; 
Paton & Schachter, 1951) the second assumption is the more justified, particu- 
larly because insensitivity to antihistaminics is displayed by other known 
histamine-liberators (MacIntosh & Paton, 1949). Although in our experiments 
complete extinction of 48/80 blueing by neoantergan was impossible, partial 
neutralization was achieved by 200 times the dose required to neutralize 


histamine to the same extent. The parallelism of dosage-response in untreated 


and neoantergan-treated animals (Text-fig. 5b) is consistent with a true 
neutralization, and with the hypothesis that the unneutralized blueing is due 
to some ‘pharmacological inaccessibility’ of the liberated histamine rather 
than to a direct action of 48/80 on the capillaries. This inaccessibility may result 
from the ready adsorption of 48/80 to the tissues, and the concentration of the 
depots of available histamine near the blood vessels. This histamine is perhaps 
‘intrinsic’ in Dale’s (1948) sense that it is released from the cells on which it 
acts. Our observations are not exact enough to decide this point. But what- 
ever reason for the relative inefficacy of neoantergan with 48/80, the fact 
indicates that we need not demand of a presumed histamine-liberator that its 
susceptibility to inhibition by neoantergan shall be of the same order as that 
of histamine. 

Our observations on 48/80 provide a pattern of the intradermal behaviour 
of a histamine-liberator, for comparison with substances like leukotaxine, 
whose capacity to liberate histamine is in doubt. Menkin (1936, 1938a, b) 
isolated leukotaxine from sterile inflammatory exudates, and described its 
capacity to increase capillary permeability. Later work (Duthie & Chain, 
1939; Spector, 1951) proved it to be a family of positively chemotactic 


¥ 
3 
4 
| 
i 
| 
| 
- 


252 A. A. MILES AND E. M. MILES 


polypeptides, of which the larger members have this action on the capillaries. 
Rocha e Silva & Dragstedt (1941) postulated that leukotaxine acted via 
histamine, and Dekanski (1949) showed that on intradermal injection it in- 
creased the histamine equivalent in cat’s skin, and that its ‘blueing’ action 
was neutralized by neoantergan. Menkin (1936, 1938a), and Cullumbine & 
Rydon (1946) deny the mediation of histamine because leukotaxine does not 
cause contraction in isolated smooth muscle, and the blueing is not antag- 
onized by neoantergan (Cullumbine, 1947). We shall not, however, expect 
a histamine-liberator to cause isolated smooth muscle to contract. Menkin 
(1938) showed that leukotaxine did not do so; but neither does 48/80 (Paton, 
1951). Nor is Cullumbine’s failure to detect a neoantergan effect by roughly 
quantitative tests unexpected. Leukotaxine in the skin can have a very 
shallow dosage-response slope, so that as much as a 10-fold drop in potency 
might diminish the diameter of the lesion by as little as 2mm. Unless the 
neutralization test is made at several dose-levels in several animals, a 
genuine though small neutralization effect might well be missed. The relative 
insusceptibility of leukotaxine to neoantergan may well be determined by 
factors responsible for the similar behaviour of 48/80 and other liberators. 
Leukotaxine differs from histamine in spreading less readily through the tissues 
after local injection, as first recorded by Menkin, and in failing to induce in- 
hibition at the centre of injection blebs, except in high concentrations. If it 
acts solely by histamine-liberation, inhibition of blueing may be impossible 
because there is not enough histamine to reach required concentration, even 
though it is localized round the vessels upon which it ultimately acts. An 
inhibiting dose of histamine, say 5 yg, produces a lesion about 8 mm in dia- 
meter, involving about 60 mg of skin. Ignoring spread to adjacent tissues, we 
arrive at an average inhibiting concentration of 83 yg histamine/g skin; 
whereas the normal content of extractable histamine in the skin of the trunk 
is of the order of 3 g/g (W. Feldberg & A. A. Miles, unpublished work). This 
histamine is presumably all available for liberation. Leukotaxine, except for its 
inability to induce thrombosis in moderate concentrations, behaves in most 
respects like 48/80. Both these substances resemble histamine in several 
_ respects, notably the similarity of the time-course of blueing (the lag period 
and duration of permeability) and in the induction and duration of immunity. 

We can attach weight to these likenesses as a proof that leukotaxine acts 
through histamine if the effects are peculiar to histamine. This may well be so, — 
but it should be noted that the time-course of blueing, and duration of 
permeability is shared by a large number of blueing substances besides 48/80, 
e.g. neoarsphenamine, stilbamidine, acetylcholine, peptone and hypotonic 
saline (unpublished work); and though some of these substances are probably 
histamine-liberators, the time course of their effect may reflect very general 
properties of vascular endothelium. The evidence obtained from the cross- 
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immunization tests, which are summarized in Table 7, may be misleading for 
a similar reason, that in the endothelium there is only one kind of site which 
is affected, and made resistant, by a wide variety of substances. In addition, 
cross-immunity between substances other than histamine does not necessarily 
imply the same site of action. Cross-immunity between histamine and another 
substance may well be an expression of true histamine immunity; but cross- 
immunity between two presumed histamine-liberators may be due either to 
exhaustion of the available histamine, to the immunization of vessels by 
liberated histamine or to an inhibition of the mechanism of histamine release. — 


Tasiz 7. Summary of tests of immunity and cross-immunity to increased 


capillary permeability in the skin 
Immunity 
Tested with 
Induced by Histamine 48/80 Leukotaxine 
Histamine ++ + + 
48/80 +++ +++ +++ 
Leukotaxine ++ + +++ 


+, ++, + + + =moderate, good and marked immunity. 


It should be noted here that we have used the very general terms ‘immunity’ 
and ‘immunization’ in this connexion, rather than ‘refractoriness’ or ‘refrac- 
tory state’ because we have applied them generally to drug-resistance induced 
in the skin by substances other than histamine. The terms can legitimately be 
extended to cover these phenomena; and though our histamine ‘immunity’ 
may be the same phenomenon as Lewis & Grant’s (1924) refractoriness to 
histamine whealing in man, we are not in a position to equate them. The two 
phenomena have much in common; whealing was inhibited in man by occlusion 
of the blood supply for 10 min and our blueing is inhibited by withholding the 
circulating dye for 10 min. Both were relative, never demonstrably absolute. 
But whereas in man the refractory state lasts 5-10 min, the immune state lasts 
several hours in the guinea-pig. The immunity induced by histamine, leuko- 
taxine and 48/80 in some respects resembles the immunity to whealing of 
nervous origin described by Grant, Pearson & Comeau (1935). In both cases 
it lasts for several hours, and both are explicable in terms of an exhaustion of 
a substance like histamine or H-substance increasing capillary permeability. 

The cross-immunity we demonstrated was never very solid. This may have 
been due to deviations from the exact superposition of the test injection on 
the region of immunized tissue, and to the different degrees of tissue affinity 
of the three substances tested. It may, however, reflect a distinction between 
the modes of action; though as regards leukotaxine, it is probably significant 
that the histamine-liberator 48/80 immunized well against leukotaxine. 
Although cross-immunity should not be accepted as a sufficient single criterion 
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of similarity of action, in conjunction with other evidence it is strongly 
suggestive. 

Our various tests of the increase of capillary permeability in the skin by the 
three substances, do not constitute a rigorous proof that the effect of 48/80 
and leukotaxine on the capillary endothelium of the skin is mediated by 
histamine. Nevertheless, taking the evidence as a whole, our observations on 
these three substances are all consistent with the view that leukotaxine acts 
as a histamine-liberator in inflammatory lesions. The question whether 
histamine, through leukotaxine or some other endogenous liberator, is the sole 
mediator of the increased capillary permeability in inflammation, is less easy 
to answer. A given blood vessel made permeable by histamine or leukotaxine 
becomes substantially immune to the further action of the drugs within 20 min. 
The ‘ perpetuation of increased vessel permeability due to the gradual accumu- 
lation of peptides in the tissues’ postulated by Spector (1951) in the natural 
course of inflammation must therefore be produced either by partial stimula- 
tion, and consequently only a partial immunization, of some parts of the 
vessel, leaving other parts for later stimulation; or, what is more consistent 
with the observed expansion of most progressive inflammatory lesions, by a 
gradual outward spread of leukotaxine to as yet unaffected vessels, leaving 
impermeable those already affected. But even with these refinements, the 
major role of leukotaxine is not necessarily established in inflammation, 
particularly infective inflammation. For example, the time-course of blueing 
by several clostridial exotoxins is quite different from that of leukotaxine 
(unpublished work); blueing may take an hour to develop and permeability 
persist for several hours; and cross-immunity with histamine and histamine- 
liberators is difficult to demonstrate. The behaviour of Cl. oedematiens exotoxin 
is singular, because the increased capillary permeability induced by a single 
dose persists for more than 30 hr. This observation probably has some bearing 
on the extensive oedema which accompanies infection by this microbe, but in 
this context it is chiefly interesting as indicating the existence of substances of 
pathological importance which appear to alter capillary permeability in a 


» manner quite different from that of histamine or histamine-liberators. 


SUMMARY 


1. The increase in capillary permeability in the skin of the trunk, and ear of 
guinea-pigs was measured by the size and intensity of the blue lesion induced 
by the intradermal injection of histamine, the histamine-liberator 48/80, and 
leukotaxine, in animals with pontamine sky blue 6X in their circulation. In 
the trunk, the mean lesion-diameter from graded doses of these drugs in a 
constant volume is proportional to the log. dose; and for a constant dose in 
graded injection-volumes it is proportional to the log. volume. 
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2. The linear dosage-response to histamine, 48/80 and leukotaxine forms 
the basis of an assay method in the ‘constant-volume’ titration; ‘constant- 
dose’ measurements can be used to measure the affinity of skin tissue for the 
three substances. | 

3. Histamine has a relatively low, and 48/80 and leukotaxine a relatively 
high, affinity for skin tissue. Injected histamine spreads readily with the in- 
jection fluid to the subcutaneous tissues and lymphatic channels, whereas 
48/80 and leukotaxine tend to remain in the skin. 

4, All three substances increase capillary permeability within 3-5 min of 
injection, and their action is mostly finished in 10-15 min, and wholly so in 
30 min. Between 15 and 30 min after the injection, the capillaries not only 
begin to recover their normal low permeability, but become immune to further 
doses of the drug. The immunity is greatest from 1-3 hr and declines after 4-5 hr. 

5. Histamine blueing is general throughout the depth of the skin; 48/80 
blueing is most intense in the region of arterioles, venules and the smaller 
arteries and veins, suggesting that the histamine available for liberation is 
located in these regions. 

6. High local concentrations of histamine inhibit blueing by inducing severe 
local vasoconstriction during the period of increased permeability, so that by 
the time the constriction is relaxed the vessel walls have recovered their 
normal low permeability. High local concentrations of 48/80 inhibit blueing 
by thrombosing the blood vessels. 

7. Anaesthesia, shock and chilling decrease blueing. The effect appears to 
be secondary to a decline in local intravascular pressures, and not to resistance 
of the capillaries to permeability-inducing substances. 

8. Circulating neoantergan strongly antagonizes histamine blueing. It is 
over 200 times less effective with 48/80 and leukotaxine, but a definite an- 
tagonism to both substances is demonstrable. 

9. The three substances induce a substantial cross-immunity to one another. 
The cross-immunity to histamine is presumably due to histamine liberated by 
48/80 and leukotaxine. Cross-immunity between histamine-liberators may be 
due either to histamine immunization of the blood vessels, exhaustion of 
histamine or inhibition of the mechanism of histamine release. 

10. The similarities in the time-course and duration of the permeability 
effect, and in the induction of cross-immunity, give strong support to the 
view that leukotaxine increases capillary permeability by liberating histamine. 
In all the tests made, the differences between leukotaxine and histamine were 
paralleled by differences between 48/80 and histamine, excepting the throm- 
bosing effect of strong 48/80. Since 48/80 is an established histamine-liberator, 
these differences are not good evidence that substances displaying them do not 
liberate histamine. 
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We are greatly indebted to Dr E. J. de Beer at the Wellcome Research Laboratories, Tuckahoe, 
US.A., for a generous gift of the compound 48/80, and to our colleague Dr J. H. Humphrey for 
leukotaxine. 
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EXPLANATION OF PLATES 


1 

f A, Untreated ear of blued guinea-pig, showing the degree of initial opacity near the main vessels, 
due to the relative thickness of the ear in that region. x5. 

B. The same ear as in A after injection of strong histamine (1000 g/ml.) directly into the lym- 
phatic plexus. The indian-ink stain on the skin at the top marks the injection site. The area 
of intense blueing is approximately wedge shaped, with the apex at the base oftheear. x5. 

4 PLATE 2 

A. Ear of a blued guinea-pig injected with strong 48/80 (500 yg/ml.). There is inhibition of blueing 
at the centre of the lesion, with the thrombosed superficial vessels in sharp focus. x5. 

B. Ear of a blued guinea-pig after injection of strong 48/80 (150 pg/ml.) directly into the lym- 
phatic plexus, The opacity round the main vessels on the left is due to the thickness of the 

4 ear. The area of intense blueing is approximately circular. x5. 
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THE RELEASE OF HISTAMINE BY EGG-WHITE IN 
NON-SENSITIZED ANIMALS 


By M. SCHACHTER anv J. TALESNIK* | 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 17 April 1952) 


It has recently been shown that horse serum is able to release histamine from 
isolated cat skin preparations and to raise the plasma histamine level in non- 
sensitized cats (Feldberg & Schachter, 1952). Since horse serum lost this 
property on for a short time boiling, it was inferred that the active material was 
probably of a protein nature. | 

There is evidence to suggest that egg-white possesses similar properties, 
e.g. a prolonged circulatory depressor action of egg-white in the non-sensitized 
cat was noted by Edmunds (1914). Also, it has been shown that parenteral 
-egg-white causes such histamine-like effects as hyperaemia, pruritus, increased 
capillary permeability and oedema in the skin of rats (Parker & Parker, 1924; 


Selye, 1937; Leger, Masson & Prado, 1947), and that the effects are greatly | 


reduced by the antihistamine drugs (Leger & Masson, 1947; Halpern & Briot, 


1949; Clark & MacKay, 1949; Gross, 1950). Leger & Masson (1948) further 


demonstrated that this syndrome in the rat is produced by the ovomucoid 
protein fraction of egg-white. , 

The present experiments furnish direct evidence that egg-white releases 
histamine in the non-sensitized cat and rat, though not in the dog. Further, 
they demonstrate that the histamine-releasing constituent of egg-white is 
different for the cat and rat, since in the former it is a heat-labile and in the 
latter a heat-stable component. 


METHODS 

Fresh hen egg-white was diluted as required with 0-9% saline, mixed, and allowed to stand for 
about 20 min before filtering through lint. Boiled egg-white solutions were prepared by boiling 
diluted solutions for 1 min and centrifuging. The supernatant was used for injection. Perfusate 
or plasma was assayed for histamine on the isolated, atropinized guinea-pig ileum. Plasma 
occasionally produced a slow contraction of the ileum, and in these instances precise histamine 
assay was not possible. The egg-white concentrations in the test solutions were never sufficient 
to influence the histamine assay; the identification of histamine was substantiated by abolition 
of the effect on the isolated ileum by the antihistamine drug mepyramine. 


* British Council Fellow. 
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Cats. Cats were anaesthetized with intravenous chloralose (80 mg/kg) following ethyl chloride- 
ether induction. Egg-white was injected through a cannula in the femoral vein, and plasma for 
histamine assay was obtained by centrifugation of blood from the femoral artery. 

Diluted egg-white was injected into the saphenous artery of an isolated perfused flap of skin 
and the perfusate assayed for histamine. The method was that of Feldberg & Paton (1951) for the 
cat, as modified by Feldberg & Schachter (1952). 

Rats, Adult albino rats weighing 200-350 g were used in most experiments. In some, hooded 
rate were also used. Rats were anaesthetized with intraperitoneal pentobarbitone sodium 
(30 mg/kg). Egg-white was injected into the external jugular vein and plasma for histamine 
assay obtained from abdominal aorta blood. 

Dogs. Dogs were anaesthetized with intravenous pentobarbitone sodium (30 mg/kg) and egg- 


_ white injected into the femoral vein. Plasma was obtained as in the cat. 


Isolated skin preparations were prepared as stated above for the cat. 


RESULTS 
Histamine release in the cat 
Skin perfusion. Six experiments were.performed on five cats, skin prepara- 
tions being used from both legs in one cat. In the first experiment 0-5 ml. 
50% egg-white was injected into the saphenous artery of the isolated skin 
preparation, but since this concentration stopped the outflow for about 
5 min, 0-5 ml. 25% egg-white was injected in the rest of these experiments. 


_ The amounts of histamine released from the skin preparations which weighed 


5-8 g were 25-1 wg (50% egg-white injected), 12-2, 17-6, 17-9, 23-8 and 29-9 yg 
histamine (25°% egg-white injected). 

Boiled egg-white (25 %, boiled 1 min) lost this property of releasing histamine. 
This is shown in Fig. 1, which compares the release of histamine by raw egg- 
white with the failure of boiled egg-white solution to release histamine from 
the same skin preparation. It also shows that raw-egg white was still effective 
after injection of boiled egg-white. This differs from the ability of boiled 
horse serum to prevent the release of histamine by a subsequent injection of 
normal serum (Feldberg & Schachter, 1952). In another experiment, 25% 
boiled egg-white, even when infused for 2 min, likewise failed to release 
any histamine, whereas a subsequent injection of raw egg-white released 
17-6 pg. 

Plasma histamine determination. Egg-white (50%; dose as 3 ml. native 
egg-white/kg) was injected into the femoral vein in vagotomized cats, and 
plasma from the femoral artery assayed for histamine before and at intervals 
thereafter. The injection was made as rapidly as seemed safe judging from 
the blood-pressure record, and took between 20 and 60 sec. The cats 
were vagotomized because of the severe immediate cardiac effects of egg- 
white if the vagi were intact. Four of five cats showed increased plasma 
histamine levels after egg-white, the highest values being obtained 4 min 
after injection and returning to normal in 30-60 min. These results are shown 
in Table 1. 3 
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In the experiment with cat 5 shown in this table, the plasma histamine rose . 
from 0-01 to 0-05 yg/ml., whereas a preceding injection of the same dose of 
boiled egg-white failed to alter the plasma histamine level. 


O5ml. 25%  O5mi. 25% 
boiled raw 
egg-white egg-white 


0 10 20 30 40 50 60 70 
Minutes 


Fig. 1. Graph showing the histamine output from the perfused cat skin. The injection of boiled 
egg-white was completely ineffective, whereas a similar injection of raw egg-white released 
29-9 ug histamine. 


Tasxz 1. Plasma histamine levels (ug/ml.) in five vagotomized cats before and after 
intravenous injection of 50% egg-white (3 ml. native egg-white per kg body weight) 
Minutes after egg-white 


Expt.  egg-white 10 30 


60 
1 0-01 0-19 0-17 0-14 0-02 
2 0-01 0-01 0-01 0-01 a 
3 0-01 0-10 0-06 0-01 oo 
4 0-01 0-05 0-03 0-01 _— 
5 0-01 0-05 
Histamine release in the rat 


Intravenous egg-white (25 or 50%; dose as 3 ml. native egg-white/kg) 
regularly raised the plasma histamine levels of rats anaesthetized with 
pentobarbitone. In one experiment fifteen rats were divided into three 
groups and plasma histamine was determined before injection of 50% egg- 
white in one group, 6 min after in another, and 60 min after injection in the 
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last group. These results are shown in Table 2. Marked increases in plasma 
histamine are seen after 6 min, and in some animals a considerable increase 
was still present after 60 min. All animals showed marked oedema before 
60 min. At this time there was also a marked haemoconcentration which is 
shown in the same table. In another experiment four rats were injected with 
the same dose of egg-white but in 25% dilution. Similar increases in plasma 
histamine to the above were found after 6 min. 


Taste 2, Plasma histamine levels (ug/ml.) and haematocrit values in five untreated rate and in 
similar groups 6 and 60 min after egg-white injections (50%; 3 ml. native egg-white/kg) 
Untreated 6 min after egg-white 60 min after egg-white 
‘Redcells Plasma  Redcells Plasma Redeells Plasma 
(%) histamine (%) histamine (%) histamine 
50 0-02 87 


0-36 73 0-03 
49 0-02 56 0-54 75 0-10 
§1 0-02 54 0-15 70 0-03 
48 0-01 45 0-14 70 0-04 
51 0-02 50 0-14 76 0-13 


Four other rats similarly injected, but with boiled egg-white, still showed 
marked increases in plasma histamine similar to those obtained with unboiled 
egg-white. The plasma histamine concentration 6 min after raw egg-white 
rose from the control value of approximately 0-02 ug/ml. to 0-38, 0-37, 0-22 
and 0-15 ug/ml., whereas after boiled egg-white the values were 0-27, 0-26, 
0-20 and 0-17 ug/ml. respectively. 

In unanaesthetized rats there was also no significant difference in the 
incidence or severity of the oedema following the intraperitoneal injection of 
boiled egg-white (8 ml. 25°) to that occurring with the same dose of raw 
egg-white. 

Experiments on the dog 

Two experiments were performed on perfused skin preparations from two 
dogs. One ml. of 50 or 100% egg-white failed to release histamine even when 
the egg-white (50°) was allowed to remain in contact with the tissues for 
2 min. 

In experiments on two dogs, intravenous injection of egg-white (50%; dose 
as 3 ml. native egg-white/kg) failed to increase the plasma histamine. 


DISCUSSION 
The suggestion that a variety of foreign proteins might be capable of releasing 
histamine without previous sensitization of the animal is supported by the 
finding that egg-white possesses similar properties to horse serum in this 
respect. Indeed, our experiments demonstrate that egg-white contains two 
distinct substances capable of producing this effect. The heat stable com- 
ponent, effective in the rat but not in the cat, would appear to be the ovomucoid 
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fraction which Leger & Masson (1948) have shown to be the constituent 
responsible for the egg-white syndrome in the rat. 

Leger & Masson point out the similarity of the primary egg-white syndrome 
in the rat to human allergy. The fact that both horse serum and egg-white 
possess the property of releasing histamine extends this similarity, particularly 
since Katz & Cohen (1941) have shown that specific allergens which have no 
effect on blood from normal subjects release histamine from blood of patients 
with the specific sensitivities. Also, Schild, Hawkins, Mongar & Herxheimer 
(1951) and Rosa & McDowall (1951) have recently demonstrated histamine 
release from isolated asthmatic human bronchial tissue in response to the 
specific allergen. 

The interesting fact is that horse serum and egg-white, which are frequently 
employed as sources of protein ‘antigens’ and generally considered to have 
no primary toxicity, possess a primary action in particular species which is 
similar to their action in sensitized animals. 


SUMMARY 


1. Solutions of egg-white release histamine from the isolated, perfused 
skin of non-sensitized cats, and intravenous injection of egg-white raises the 


plasma histamine level in this species. This property is destroyed by boiling | 


the egg-white solution for 1 min. © 

2. Intravenous injections of egg-white raise the plasma histamine con- 
centration in non-sensitized rats. This property is unaffected by boiling the 
egg-white. 

3. Egg-white does not release histamine from skin preparations of non- 
sensitized dogs nor does it raise the plasma histamine concentration following 
intravenous administration in this species. 


REFERENCES 


CiaRK, W. G. & MacKay, E. M. (1949). Effect of J-epinephrine and /-arterenol on egg-white 
oedema in the rat. Proc. Soc. exp. Biol., N.Y.,'74, 86-89. 

Epmunps, C. W. (1914). Physiological studies in anaphylaxis. Z. ImmunForach. 22, 181-198. 

FELpBerG, W. & Paton, W. D. M. (1951). Release of histamine from skin and muscle in the cat 
by opium alkaloids and other histamine liberators. J. Physiol. 114, 490-509. 

FeipserG, W. & Scuacutsr, M. (1952). Histamine release by horse serum from skin of the 
sensitized dog and non-sensitized cat. J. Physiol. 118, 124-134. 

Gross, F. (1950). Zur Auslésung und Beeinfluss der Oedembild nach Injektion von 
Hiihnerweiss in die Ratte. Arch. exp. Path. 211, 421-496. 

B. la perméabilité capillaire dans le déterminisme de 
*codéme ui e rat par l’ovalbumine et action des antihistamini de synthése 
sur ce syndrome. C.R. Soc. Biol., Paris, 143, 822-824. ee, 


Katz, G. & Conen, 8. (1941). Experimental evidence for histamine ae. 
med. Ase. 447, 1782-1783. ™ release in allergy. J. Amer 


Lzcrr, J. & Masson, G. (1947). Effect of antihistaminic substan. t 
egg white in the rat. Amer. J. med. Sci. 244, 305-307. ces on the edema produced by 


a = Masson, G. (1948). Studies on egg-white sensitivity in the rat. Ann. Allergy, 6, 


Ve? 


( 
A 
4 
4 
4 +> 
Por, 
= 
4 
> 
“a 
[ 
| 
<a? 


Ve? 


PRIMARY HISTAMINE RELEASE BY EGG-WHITE 263 

Prapo, 
ner L. (1947).. Hypersensitivity to egg white in the rat. Proc. 
J. T. & Panxmn, F. (1924). in the white rat. J. med. Res. 44, 263-287. 


(1951). The action of local hormones on the isolated human 
bronchus. Acta allerg., Kbh., 4, 293-304. 


Sutyz, H. (1937). Studies on je i Endocrinology, 21, 169-188. 


Sommp, H. O., Hawxtns, D. F., Monaar, J. Reactions of isolated 
human asthmatic lung and bronchial tissue to a specific antigen. Lancet , 261, 376-382. 


; 
> 
| 
> 
4 
3 
ion 
- 
ig 
> 
a 
i 


J. Physiol. (1952) 118, 264-275 


THE DIFFUSION COEFFICIENTS OF CARBON MONOXIDE 
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Krogh’s (1919a) measurements of the rate of diffusion of O,, N,, CO and CO, 
through animal tissues have formed the basis of many calculations of the role 
of diffusion in physiological processes (see, for example, Krogh, 19195; Hill, 
1928; Roughton, 1932; Jacobs, 1935). No information, however, appears to 
exist as to the rate of diffusion of these dissolved gases through homogeneous 
solutions of proteins: the value of the diffusion coefficients of O, and CO in 
concentrated haemoglobin solutions has, in particular, been a desideratum in 
the theoretical investigations of Roughton (1932) and Nicolson & Roughton | 
(1951) on the rate of exchange of O, and CO between the interior of the red 
blood cells and the surrounding fluid. At the concentrations found in the red 
cells, the haemoglobin molecules must, according to Perutz (1948), be practically 
touching and there should accordingly be both marked geometrical obstruction 
and viscous resistance to the passage of small molecules of dissolved gases 
between the large protein molecules. The relation between the value of the 
diffusion coefficients and the protein concentration is therefore also of some 
theoretical interest. 

In the present paper we have determined the diffusion coefficients of N, and 
CO in haemoglobin solutions ranging from 0 to 45 g haemoglobin/100 ml., the 
latter concentration being appreciably higher than that usually found in the 
red cells, In the case of N, there has been no complication from any simul- 
taneous chemical reactions of the penetrating substance: with CO, on the 
other hand, there has, from time to time, been trouble from side reactions 
even when the concentrations of CO have been such as to ensure that the 
haemoglobin is at least 99-99% saturated with CO. Fortunately for our 
present purpose, N, and CO have the same molecular weight and are very 
similar in many of their physical properties, including solubility. A priori, 
their diffusion coefficients in haemoglobin solutions should be about the same: 
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usually this has been found to be the case, but on several occasions when there 
has been a large discrepancy there has been some evidence of the disappearance 
of CO by side reactions. 

From the physiological point of view it would obviously have been of 
interest to measure also the value of the 


diffusion coefficients of O, and CO, in haemo- os 
globin solutions of various strengths, but this , 
has for the present been deferred owing to G 


the difficulty of allowing for the chemical 
reactions of these gases with the haemo- 
globin, as well as other possible side reactions. B | 
We have, however, made some measurements 
of the rate of diffusion of CO, in water 
(slightly acidulated), and of N,O in water 
and in haemoglobin solutions. These two 
gases have the same molecular weight, and 
have asimilar electronic structure and water 
solubility. Their diffusion coefficients in 
water are nearly the same, and would be 
expected to tally as closely in buffer and 
protein solutions. The diffusion coefficient of 
N,O unlike that of CO, is readily measured — 
in such media. Fig. 1. Apparatus for simultaneous 
In calculations such as those of Nicolson measurement of diffusion of N, from 
& Roughton (1951) on diffusion and chemical 
reaction of O, and CO within the interior f14:. solutions, or vice versa, For 
of the red cells, the question arises as to detailed description and mode of 


whether the diffusion of the haemoglobin operation, see text. 


molecules has also to be taken into account. Perutz’s work would appear to 
make the need for such an allowance very unlikely, but fortunately we have 
found it possible, by means of an alternative method to our main one of 
measuring the diffusion coefficients of CO in haemoglobin solutions, to obtain 
direct experimental evidence on this point. 


METHODS 


I. Diffusion apparatus 
In most of the experiments diffusion was measured between a gas phase containing CO or N, at 
1 atm pressure, and haemoglobin solution containing these gases in solution, but at different 
partial pressures from those in the gas phase. The apparatus, which was specially designed for 
use in conjunction with the Van Slyke gasometric methods, is shown in Fig. 1. It consists essen- 
tially of a large glass tap, 7’ (bore about 1 cm), one lead of which is closed at the end whilst the 
other is fused to a straight capillary bore tap, U, and also to a 3-way capillary bore tap, V, the 
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leads from which are inclined at angles of 120° to each other. On the other side of taps U, V, there 
are attached glass cups, W and X. 

The actual experimental procedure was as follows: The apparatus was evacuated completely 
through V, and then filled with the required gas. 7’ was then turned off, leaving the introduced 
gas at atmospheric pressure in the spaces G and B. The remainder of the apparatus was then 
evacuated again and filled completely with mercury, precautions being taken to tap out all gas 
bubbles. The buretté containing the haemoglobin solution, previously equilibrated with the 
appropriate gas mixture (see § IV below), was then connected to the exterior capillary lead of V 


the cup X. Tap V was then turned so as to connect the haemoglobin to the main part of the 

apparatus and a measured volume of the haemoglobin solution (2-5 ml. usually) driven into the 

latter, an equivalent volume of mercury being displaced through U into W. Taps U and V were 

closed, and the apparatus was then lowered into a wide-mouthed, 1-gallon, thermos flask con- 

taining water at room temperature. After } hr for temperature equilibration, tap 7’ was opened 

by hand (the diameter of the thermos flask, viz. 15 cm, was great enough for this to be possible 

without lifting the apparatus out of the flask) and diffusion between the gas and liquid phases 

allowed to occur for measured periods ranging up to 24 hr. At the end of the diffusion time tap 7’ 

was closed, the apparatus removed from the thermos flask and shaken so as to mix the haemoglobin 

solution. The apparatus was then inverted, the stem of tap V filled with mercury from the cup X 

and a measured volume of the haemoglobin solution displaced through V into the Van Slyke 

apparatus by running in mercury through U. In this operation there was absolutely no contact 
between the haemoglobin solution and the atmospheric air, a precaution which is essential if 
reliable results are to be obtained. The dissolved N, content and the dissolved CO content of the 
haemoglobin were then obtained by the Van Slyke technique, some details of which are given 
later. 

In the experiments with CO, and N,0, the solutions were first saturated with appropriate partial 
pressures of these gases and diffusion was then measured from the liquid to the gas phase, which 
initially contained none of the gas in question. At the end of the diffusion period, the gas content 
of the solution was measured. In the case of CO, this was done with the Van Slyke technique as 
above. In the case of N,O, a measured volume (0-7—1-0 ml.) of the solution was transferred to 
a 2.1. bottle containing air, and the N,O liberated therein by shaking. From the % N,O in the air, 
as determined by passing the latter through an infra-red gas analyser, the N,O content of the 
solution was readily calculated. No experiments were done on absorption of CO, or N,O from the 
gas to the liquid phase, since the solubilities of these gases would be great enough to raise the 
density of the upper layers of the solution appreciably above that of the average density of the 
solution, thus leading to mixing by convection and thence to falsely high values of the diffusion 
coefficients. With CO and N,, however, the solubility coefficients are so much lower (i.e. one- 
twentieth to one-thirtieth) that convective effects of this kind turn out to be negligible. 

The description just given applies to our first complete apparatus (no. I) with which about half 
the experiments were done before it was broken. In the second apparatus (no. II) a much larger 
tap was used and volumes of 10 ml. of the haemoglobin solution were transferred to the Van Slyke 
apparatus, instead of volumes of 2-0 ml.; this should have led to greater accuracy in the results. 
Near the end of the work apparatus II was broken, and could only be replaced by a third one 
(no. IIT) of dimensions similar to no. I. The bore of the tap in apparatus I was somewhat less than 
the bore of the tubes leading therefrom, but in apparatus III, which was specially constructed 
for us by the glass-blowing section of the Research Division of I.C.I. Alkali Division, these bores 
were uniform. 

The values of the diffusion coefficient were calculated from equations (1) or (2) (Roughton, 
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and the air therein displaced by slowly driving through sufficient of the haemoglobin solution into © 
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where p, =partial pressure in gas phase (this remains practically constant throughout), 
= partial pressure of dissolved gas in solution at zero time, 
p=partial pressure of dissolved gas in mixed solution at end of diffusion period, 
¢=depth of haemoglobin solution in cm, 
t=duration in seconds of diffusion period, 
D =diffusion coefficient of gas concerned in cm?/sec. 


The partial pressures of gua in solution are obtained by dividing the amount in solution 


A simpler method, based on equation (1), has been used by Eggleton, Elsden, Fegler & Hebb 
(1945) for measuring the diffusion coefficients of N, in oil, lard and agar jelly. Their technique 
would have been applicable to some of our work, but not to the important experiments in which 
the diffusions of N, and CO were simultaneously observed. 


II, Preparation of haemoglobin solutions : 
Sheep blood, obtained either from the slaughter-house or from the Cambridge University animal 
farm, was used as the source of the haemoglobin, since the previous experimental and theoretical 
work on gas exchange in the red blood cells was done on this species. It was prepared in one of 
three ways: 
(a) The blood cells were washed 3 times with 1-5% NaCl, laked by adding distilled water and 
then centrifuged again to remove the ghosts of the red cells. It was then concentrated by dialysis 
in collodion sacs against 1-5% NaCl at reduced pressure and temperature 0-5° C. 
(6) The blood cells, after washing as in (a), were laked by addition of ether and then centrifuged. 
This procedure removes the stroma more completely than in (a). The ether was evaporated off 
by exposing the solution in thin films to the atmosphere, and the haemoglobin concentrated if 
necessary as in (a). 
(c) Unwashed packed red cells were laked by freezing and thawing. : ? 
Method (5) thus gave the purest haemoglobin, and method (c) the crudest. Haemoglobin, in 
one or both of these extreme forms, was used for establishing the main points of the present 
investigation, in nearly all of the experiments given below. 
The haemoglobin solutions were, if possible, used within 30 hr of the withdrawal from the blood; 
if longer periods were allowed to elapse some irreversible disappearance of CO was found to occur, 
the nature of which was not determined, but may in part be due to slow increases in the gas- 
combining capacity of the haemoglobin (Roughton, Darling & Root, 1944; Ramsay, 1944). If, 
however, the haemoglobin was kept saturated with CO at 1 atm pressure from an early stage, it 
could be used for periods up to 4 days without this trouble arising. 
Ill. Preliminary equilibration of haemoglobin with gas mixtures 
The haemoglobin solutions were rotated in tonometers for periods up to 4 hr to bring them into 
equilibrium with the desired partial pressures of CO and N, before being transferred to the diffusion 
apparatus. Either CO at 1 atm pressure or a mixture of CO at 0-1 atm +N, at 0-9 atm pressure 
was generally used. In the former case the haemoglobin solution was exposed to N, gas at 1 atm 
pressure in the diffusion apparatus, and the diffusion of CO from the liquid to the gas phase, and 
of N, from the gas phase to the liquid phase was simultaneously determined; in the latter case the 
haemoglobin solution was exposed in the diffusion apparatus to CO at 1 atm pressure, and the 
diffusion of the two gases in the converse directions was measured. 


IV. Determination of dissolved CO content and N, content of haemoglobin solutions 

A measured volume of the haemoglobin solution was transferred (without contact with the 
atmosphere) to the chamber of the Van Slyke gasometric apparatus, which had been previously 
cleaned and evacuated with water containing a few drops of octyl alcohol. 2 ml. of de-aerated 
alkaline hydrosulphite solution (2 g Na,S,0,+2 g NaOH +100 g H,O) was then added so as to 
retain the CO, and 0, (if any) of the haemoglobin solution. The mercury was next lowered to the 
50 ml. mark, and the haemoglobin solution shaken in vacuo in the dark (by wrapping black paper 
round the Van Slyke chamber) for 5 min. The pressure of the extracted gas was then 
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at the 2 ml. and/or the 0-5 ml. mark and the % CO and % N, in the extracted gas determined by 
expelling an aliquot portion of the latter into a Scholand ughton syringe for analysis as 
described by Roughton & Root (1945). With haemoglobin solution containing more than 0-5 atm 
partial pressure of CO, no significant amounts of CO dissociate from chemical combination with 
the haemoglobin during the 5 min shaking period, but with low partial pressures of CO a correction 
was necessary for this factor. The recent data of Roughton (1951) on dissociation of carboxy- 
haemoglobin between 98 and 100% saturation were used for this purpose. 


V. Alternative determination of Doo 
Hill (1928) deduced a formula for the rate of penetration of oxygen into a plane sheet of muscle, 
which had been previously fatigued and therefore was in ‘oxygen debt’. For simplicity, he sup- 
posed that there was a layer of muscle tissue at the surface into which sufficient oxygen diffused 
to pay off the debt completely, but beyond this layer the muscle was still in full oxygen debt. 
The rate at which the thickness of the ‘paid off’ layer increased was given by the equation 
V (3) 
where V =volume of 0, entering, per cm* of diffusion surface up to time f, 
k =diffusion coefficient of O,, 
Yo= partial pressure of O,, 
 A=soxygen debt. 
to the of CO into a layer of completely reduced 
haemoglobin solution. In this case, it is necessary to replace k by Doo, yp by the dissolved CO 
content of the solution at the gas/liquid interface (expressed in ml. CO/ml. solution), and A by the 
reduced haemoglobin concentration, expressed in ml. gas combining capacity/ml. solution, thus 


V [CO] [Hb] (4) 


| To measure Doo by this method, the haemoglobin solution was completely freed of oxygen as 
described by Forbes & Roughton (1931) and then introduced into the diffusion apparatus, where 
it was exposed to CO at 1 atm pressure for 3-24 hr. In this case the CO is taken up in chemical 


combination, and only to an insignificant extent in physical solution. The volume so absorbed is — 


obtained by mixing the haemoglobin solution as before, and then transferring to the Van Slyke 
apparatus for measurement of its CO content. (Roughton & Root, 1945.) If the O,-free haemo- 
globin solution is equilibrated with N, at 1 atm, Dy, can be simultaneously measured. 

This method clearly assumes that the rate of diffusion of the haemoglobin molecules is negligible: 
if this assumption is incorrect, the value of Dog by this method should come out higher than by 
the standard method described below. 


VI. Solubility coefficient assumptions 

In the case of diffusion of dissolved gases from the liquid to the gas phase, p, is zero and p, and 
p are proportional to the amounts of the dissolved gas determined experimentally in the solution 
at the beginning and end of the diffusion periods. The expression (f — p,)/(p, — po) of equations 
(1) and (2) therefore simplifies to (p. - #)/», and thus no knowledge of the solubility coefficient « 
is required for application of equations (1) and (2) in this case. 

For diffusion from the gas to the liquid phase, however, the solubility coefficient is ed) in 
order to convert p,, p, and all into the same units, For N, we have assumed, on the basis of the 
work of Van Slyke, Dillon & Margaria (1934) on solutions of purified haemoglobin solutions that 

& =a» [1 +0-0013 (g Hb/100 ml. solution)], (5) 


where a, =solubility in pure water at the same temperature whereas, from the work of the same 
authors on haemolysed cells, 


=a [1 +0-0032 (g Hb/100 ml. solution]. (6) 


The higher solubilities in the haemolysed cells than in the purified haemoglobin solutions are 
perhaps due to the greater lipoid content of the former. 
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No corresponding data appears to exist for the solubility coefficients of CO, but in default 
thereof we have thought it reasonable to assume that equations (5) and (6) apply in this case 


EXPERIMENTAL RESULTS AND DISCUSSION 
Values of Dy, and Doo by main method 
All the experiments were done at room temperature (13-22° C), and a correc- 
tion factor of 2-5% per degree (Hitchcock, 1945) was applied to bring the 
figures to a standard temperature of 20°C. In given solutions the values of 
D were unaffected by 3-fold variations either in time of exposure or in depth 
of the liquid column. : 

Table 1 shows the results of our most comprehensive set of experiments at 
varying concentrations of purified haemoglobin, special attention being paid 
TaBiz 1. Values of diffusion coefficients x 10* of N, and CO from experiments with 
diffusion of N, from liquid to gas and diffusion of CO from gas to liquid (20° C) 

Apparatus Hb (g/100 ml.) Dy, x 10° ~ Doo x 10° 


Water purified Hb 
I 0 10-6 10-2 
35-4 2-8 2 
45-0 2-8 2-2 
Ether purified Hb 
II 0 12:3 11-2 
3-6 9-1 
6-1 7-5 
8-0 6-9. 
11:7 6-8 
18-8 5-2 5-1 
24-0 4-9 _ 
29-0 4-3 
32-0 3-6 3-7 
40-0 3-3 


to Dy, since, as has already been indicated, the absence of possible chemical 
reactions of N,, both during the diffusion process and the subsequent analysis 
of the solution in the Van Slyke apparatus, make its determination more 
trustworthy than that of Doo. To get as reliable values as possible for Dy,, 
the solutions were initially equilibrated with a gas mixture containing 0-9 atm 
N, and 0-1 atm CO, whereas the gas phase in the diffusion apparatus usually 
contained CO at 1 atm pressure. This has the advantage (see above, p. 268) 
that no knowledge of the solubility coefficient of N, in the haemoglobin solu- 
tions is necessary. In the experiments in which Doo was simultaneously 
obtained, there is a reasonable concordance with Dy,, not only in the case of 
pure water (wherein the CO measurements are free from doubt due to (i) 
possible errors in the value of the CO solubility coefficient and (ii) possible 
chemical reactions) but also in the less certain cases of the concentrated 
haemoglobin solutions, for which values of Doo were specially required for the _ 
purposes of the theoretical calculations (Nicolson & Roughton, 1951). 

At concentrations of haemoglobin equivalent to those found in the red cells, 
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viz. 32-35 % (w/v), the diffusion coefficients are seen to be about 30% of their 
value in pure water and are only falling rather slowly with increase in haemo- 
globin concentration in this range. On the other hand, 7, the viscosity of the 
solutions (as measured by the Ostwald method) mounts rapidly in this range, 
as Table 2 shows. Fig. 2 gives the relation between haemoglobin concentration 


TaBiz 2. Viscosity of CO-haemoglobin solutions at various concentrations (20° C) 


relative to that of water, i.e. n/7, 
Haemoglobin concentration ...0 5 10 165 2 2% 30 36 44 
1 1-12 1:32 1-64 213 286 417 9-10 21:3 
1-0 


Dn,/(Dn, for water) 
° 
+ 


° 


| 
10 20 30 40 
Haemoglobin concentration (g/100 ml.) 


4 
2b 
1 x 
10 20 30 40 


Haemoglobin concentration (g/100 ml.) 


Fig. 2. A, relation between haemoglobin concentration plotted horizontally and (diffusion 

coefficient of N, in Hb solution)/(diffusion coefficient of N, in water) plotted vertically. 
Circles, determinations by apparatus I; crosses, determinations by apparatus II. B, relation 
between haemoglobin concentration (g/100 ml.) (plotted horizontally) and product of 
<A eee (Dy, x for water is arbitrarily set 
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and (A) Dy,/(Dy, for water), and (B) Dy, x, the value of this product for 
water being arbitrarily set equal to unity. At low concentrations of haemo- 
globin, Dy, drops off unexpectedly fast—faster indeed than the viscosity 
rises—so that there is initially a fall in Dy, x7 of about 30%. Later on this 
trend is reversed so that at 20-25%, Hb (w/v) the value of Dy, x7 is about the 
we as in water. Above 32% Hb/(w/v) the value of Dy, x7 increases very 
rapidly. 

At 30% Hb (w/v) the value of Dy, is decreased (see Fig. 2A) to about 32% 
of its value in pure water, the decrease being the same in haemoglobin purified 
by method (a) as by method (6). This depression may be compared with that 
observed in 30% (w/v) serum protein solutions, wherein Kreuzer (1950) found 
a value of Do, about 42% of its value in water. Kreuzer and his colleagues — 
have also made numerous measurements of the rate of uptake of O, by thin 
layers of concentrated reduced haemoglobin solutions: owing, however, to the 
complications caused by the concurrent chemical reactions of O, with Hb in 
these experiments it is not feasible to deduce values of Do, therefrom. 

An unsatisfactory feature of Table 1 is that the figures for Dy, and Doo in 
water are considerably (i.e. about 40%) lower than the standard figures given 
in Physico-Chemical Tables. This discrepancy is, at any rate in part, to be 
explained by the fact (see p. 266) that the bore of the commercial taps used in 
constructing the diffusion apparatus I was appreciably (i.e. about 15%) less 
than the bore of the compartment S (Fig. 1), whereas for the correct application 
of equations (1) and (2) the two bores should be the same (as in apparatus ITT). 
It does not, however, seem certain that this is the whole explanation, nor for 
that matter are the values of the diffusion coefficients of dissolved gases, as 
quoted in the Physico-Chemical Tables, completely free from doubt. However, 
_ this may be, it seems fairly reasonable to conclude that the relative values 
given in Table 1 are reliable within their limits of experimental error. 

Two experiments were also done with the gases reversed, i.e. with N, 
diffusing from the gas phase into the haemoglobin and the CO simultaneously 
diffusing from the haemoglobin into the gas phase. The results for the haemo- 
globin solutions (Table 3), though of the same order as those given in Table 1, 


TaBLE 3. Simultaneous values of diffusion coefficients x 10* of N, and CO from experiments 
with diffusion of N, from gas to liquid and diffusion of CO from liquid to gas 


Apparatus Hb(g/l00ml.) Dy,x10* Dox 10° 


Ether purified Hb 
III 
15 12-6 9-1 
30 2-5 3°7 


are less satisfactory, the discrepancies between Dy, and Dgo being about 30 % 
in both cases, as compared with the average discrepancy of about 11% in 
Table 1. Further work is required to clear up the cause of these divergences. 
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Results by alternative method 

Table 4 shows determinations of Doo on seven different samples of fully 
reduced haemoglobin solutions, prepared from red-cell contents, which had 
been laked by freezing and thawing. The results in the range 30-40% Hb 
(w/v) show divergences from the mean of about +20% (or within + il % if 
the rather aberrant 1-4 value is omitted) and the value for the mean itself, 

Tasue 4, Values of diffusion coefficient of CO x 10° from experiments on diffusion of CO 


from gas into reduced haemoglobin 
Apparatus Hb (g/100 ml.) Doo x 10° 
Cells laked by freezing and thawing 
I 0 10-2 
26-8 2-5 
30-6 16 
31:3 1-9 
34-0 18 
34-5 2-0 
37-5 1-4 
40-5 2-0 


namely 1-8 x 10-*, is only about 60% of that found in Table 1. In the single 
experiment on laked cells given in Table 5, the value of Dy, isequally depressed, 
whereas in the experiment on ether purified haemoglobin solution, the values 
of Dy, and Doo are both in line with those of Table 1. This suggests that the 
fragments of ‘ghosts’ and other constituents still present in the laked cells, 
but not in the haemoglobin solutions, are responsible for this additional 
depression of the diffusion coefficient to c. 20% of the value in pure water, as 
compared with c. 30% in the case of the purified haemoglobin solutions. 

No determinations have yet been made of the values of the diffusion 
coefficient in unlaked cells: in default, thereof, it has seemed best, for the 
_ purpose of the theoretical calculations (Nicolson & Roughton, 1951), to adopt 
a compromise value for D (intact cells)/D (water) of 0-25. Fortunately the 
most significant terms in these calculations contain the square root of D, 
rather than D itself, so that an error in D is not so serious. 

The agreement within experimental error, between Dy, and Doo in Table 5 
indicates that in haemoglobin concentrations in the range 30-40% (w/v), the 
rate of diffusion of haemoglobin itself is not appreciable as compared with that 


Tas. 5. Simultaneous values of diffusion coefficients x 10* of N, and CO from experiments 
with diffusion of N, from liquid to gas and diffusion of CO from gas into 

reduced haemoglobin 
Apparatus Hb (g/100 ml.) Dy, Dogo x 10° 


Cells laked by freezing and thawing 
0 10-6 10-2 
31 21 2-1 


Ether purified 
0 | 
3-0 3-4 
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of N, and CO, at any rate at one atmosphere pressure of these gases. Had it 
been so, the values of Dog by the present method should have come out 
significantly higher than those of Dy,. The assumption of Roughton (1932) 
and of Nicolson & Roughton (1951) that the diffusion of haemoglobin can be 
neglected in their theoretical calculation of the rate of exchange of 0, and CO 
between the interior of the red cells and the surrounding fluids thus receives 
some definite experimental support. 


Experiments with CO, 

Table 6 shows the results of four determinations with apparatus III of the 
diffusion coefficient of CO, in n/100-HCI, a slightly acid solution being used so 
as to avoid appreciable chemical reaction. The average value at 20° C (after 
applying the appropriate temperature coefficients) is 1-58 x 10-5, which is only 
slightly lower than the average of previous figures in the literature, namely 
1-70 x 10-*. This better coincidence is, no doubt, largely due to the care to 
ensure that the bores of the tap and the compartments of apparatus III were 
uniform. | 

Experiments with N,O 

Table 7 shows the results of three determinations of the diffusion coefficient 
of N,O in water, and of two determinations in 35-38% Hb (w/v). The mean 
value in water at 20° C agrees very closely with that for CO, in water at this 


TaB.zE 6. Diffusion coefficient of CO, x 10° in n/100-HCl 
Apparatus Temp. Dogo, x10 Doo, * 10° at 20° C 


14-3 1-38 1-58 
14-2 1-30 449 
15-6 1-44 1-60 
13-6 1-43 1-66 
Mean 1-58 
TaBLE 7. Diffusion coefficient of N,O x 10° in water and haemoglobin solutions 
Apparatus Solution Temp. Dy,o x 10° at 20° C 
Ill Water 17-0 1-52 1-64 
Water 17-2 1-42 1-52 
Water 17-4 1-36 1-45 
Mean 1-54 
35% Hb (w/v) 19-3 0-231 0-235 
37% Hb (w/v) 18-6 0-178 0-184 


temperature (cf. Table 6). The two results in concentrated haemoglobin 
solutions (from laked red cells, without purification) show a rather wide 
scatter, though the diffusion coefficients, which are 12-15% of the values for 
water, seem to be rather more depressed than the corresponding Dy, values in 
haemoglobin solutions of this concentration. Further work is clearly necessary 
to improve the accuracy of these values, and to extend them to other 
conditions. 
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SUMMARY 


1. A method is described for measuring the diffusion coefficients (D) of 
gases in water and haemoglobin solutions, of concentrations up to 45°% (w/v). 

©. The method has been chiefly applied to N, and CO, but some preliminary 
results have also been obtained with CO, in n/100-HCl, and with N,O in water 
and in concentrated Hb solutions. 

3. Dy, in Hb solutions drops sharply between 0 and 10% Hb (w/v), but 
thereafter falls gradually. At 30-40% Hb (w/v), i.e. the concentration in the 
red cells, Dy, ranges from 0-2 to 0-3 of its value in water. The product of 
diffusion coefficient and viscosity is roughly constant up to Hb concentrations 
of 30 g/100 ml., but thereafter rises sharply. 

4. Doo, which was mainly measured in CO Hb solution, is the same (within 
experimental error) as Dy, both in water and Hb solutions up to the highest 
concentration tested, namely, 35% (w/v). The CO determinations are, how- 
ever, less certain owing to the possibility of side reactions, even when diffusion 
occurs in fully saturated CO Hb solutions. 

5. From the rate of penetration of CO into fully reduced Hb solutions, it 
was also possible to estimate Do in Hb solutions, if it be assumed that the 
diffusion coefficient of the Hb is negligible in comparison. That this is so in 
concentrated solutions of reduced Hb (c. 35% w/v) was shown by the con- 
cordance between Dog and Dy, when simultaneously measured in such 
solutions. This finding confirms the assumption that diffusion of Hb in the 
red cell may be neglected in the calculations on the rate of exchange of O, and 
CO between red cells and their surroundings (Nicolson & Roughton, 1951). 
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THE SODIUM AND POTASSIUM CONTENT OF CARDIAC 
AND OTHER TISSUES OF THE OX 


By F. DAVIES, R. E. DAVIES, E. T. B. FRANCIS 
anp R. WHITTAM 
From the Departments of Anatomy and Zoology and the Medical Research 
Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
University of Sheffield 


(Recewed 1 May 1952) 


From time to time the widely accepted myogenic theory of the initiation and 
conduction of the impulse for cardiac contraction in mammals has been 
challenged, particularly in recent times by Glomset & Glomset (1940), 
Glomset & Birge (1945, 1948) and Field (1951); Glomset and his colleagues on 
the basis of their claim that in some mammals (dog, rhesus monkey, man) the 
atrioventricular (A-v) node and bundle are either absent or feebly developed, 
and Field because in the a-v bundle there are nerve fibres which he suggested 
might conduct the impulse. Many authors have noted the presence of nerve 
fibres in the a-v bundle of several mammals, while Cohn & Trendelenburg 
(1910) and Glomset & Birge (1948) have stressed that these fibres are involved 
in experimental lesions of the bundle which produce a-v dissociation. Thus the 
experiments are not crucial in determining which of the two elements of the 
bundle, muscle or nerve, conducts the impulse, and collateral evidence bearing 
on this question has therefore to be sought. 

Since sodium and potassium ions are known to be intimately concerned in 
the transmission of impulses along nerve fibres, the distribution of these 
elements in various cardiac tissues has been measured. Wilkins (1934) measured 
the sodium and potassium content of the right and left ventricular muscle of 
the bovine heart, but there appear to be no figures for the sodium or potassium 
content of the other tissues of the heart in this or any other species. 


METHODS 


The animals (cows) were shot and the hearts removed within 4 min. Small pieces of the walls of 
the atria and ventricles were quickly removed and the myocardium freed from endocardium and 
epicardium. The right ventricle was opened, samples of blood were removed and the a-v node 
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and a-v bundle with its right limb were dissected out, this whole procedure taking about 9 min. 
The region of the right atrium containing the sinu-atrial (s-a) node was then removed and the 
myocardium dissected off so as to leave the paler tissue comprising the s-a node for investigation. 
Part of the tricuspid valve was excised as an example of connective tissue and samples of the 
obturator nerve and spinal cord were also removed. As a sample of skeletal muscle a piece of the 
fleshy part of the masseter muscle was taken. 

From each tissue four samples (25-100 mg) were obtained, blotted immediately and weighed 
rapidly on a torsion balance. These samples were used for estimations in duplicate of the sodium 
and potassium content. A further four specimens of these tissues were removed, weighed and 
dried to constant weight at 105° C to obtain the water content. Five samples of obturator nerve 
were also extracted with dry ether to obtain the fat content. 

Estimation of sodium and potassium. For the sodium determinations 2-5 ml. KCI solution 
containing 20 mg K/100 ml. were added to two of the tissue samples; for the potassium determina- 
tions 25 ml. NaCl solution containing 330 mg Na/100 ml. were added to the other two. The tissues 
and solutions were then ground with acid-washed sand in a mortar. The suspension was poured 
into a stoppered test-tube and left to settle overnight. Samples (0-5 or 1-0 ml.) of the supernatant 
fluid were then diluted to 10 ml. with the appropriate KCl or NaCl solution. 

The estimations were carried out with the flame photometer of Domingo & Klyne (1949) under 
the conditions described by Terner, Eggleston & Krebs (1950). Each reading was preceded and 
followed by a standard solution and at least four readings were taken of each sample in all cases. 
The standard error of the mean values for each sample was about 1%. Control estimations showed 
that the size of the tissue sample did not affect the values obtained for the concentrations of the 
two cations, and that this method gave the same values for the sodium or eee content as 
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RESULTS 


The sodium and potassium content of the blood and various cardiac and other 
tissues of the individual cows are shown in Tables 1 and 2 as the mean of 


TaBLE 1. Sodium content of various tissues of the ox : 
Concentration in tissues (m.mole/kg wet wt.) of cow no. 


Tissue 1 2 3 4 5 6 7 8 
Obturator nerve — — — 98 86 103 83 — 
Spinal cord (grey matter) — — — 130 70 92 — — 
Spinal cord (white matter) — — 79 — 75 
a-V bundle 124 — 137 220 _ 155 —- — 
node 138 160 168 — — 
8-A node 150 150 160 — 
Tricuspid valve — 1650 — 163 
Right atrium 82 103 _ 95 — —_ — — 

atrium 80 66 — 70 
Right ventricle 39 52 50 
ventricle 60 50 — 54 
Masseter muscle — _ _- 31 28 32 
Whole blood — — 107 120 —_ 150 — 116 


duplicate analyses, each analysis being the mean of the four readings on the 
flame photometer. Table 3 shows the mean values for the whole series. 
Although the absolute amounts of sodium and potassium in the same tissue 
and in the blood vary from animal to animal, the concentration ratios between. 
the various tissues and the blood are similar. 
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The potassium content of all the tissues is within the expected range, but 
the high sodium content of the a-v bundle, a-v node and 8-a node is surprising. 
The high sodium content of the tricuspid valve was expected, however, since 
white fibrous tissue is known to contain much sodium (Manery & Hastings, 
1938). Determinations on samples of fresh obturator nerve showed a content 
of 21% ether-soluble material. 


TapiE 2. Potassium content of various tissues of the ox 
Concentration in tissues (m.mole/kg wet wt.) of cow no. 


Tissue 1 7 ‘a 
Spinal cord (white matter) 70 73 
a-v bundle 119 75 103 73 — 
A-V node 71 40 73 
8-a node 38 48 86 
atrium 73 82 — 103 
t ventricle 95 81 91 
ventricle 95 87 91 — 
Masseter muscle 85 719 86 
Whole blood 12 16 ll ll 
TasiE 3. Mean values of sodium, potassium and water content of various tissues of the ox 
No. + Concentrations of cations in tissue 
sam} 
analysed m.mole/kg wet wt. m.mole/kg tissue water ; 
foreach - eRe —~, Ratio: Water in fresh 
Tissue cation Na K Na+K Na K Na+K K/Na tissue (%) — 
a-v bundle 8 1594+21 938411 252424 198426 116414 314429 059 80-1+0-80(4 
a-v node 6 155490 61410 216413 183411 723412 255416 0-39 845+0-86 (4 
8-A node 6 1538433 57415 210415 181443 67:7418 249419 0-37 84-4+0-70 (4) 
Obturator nerve 8 93448 40429 133457 170495 73-2455 242411 043 54-7+1°1 (10) 
cord 6. 97417 90425 187417 125422 116439 241422 093 177-5+1-4 (4) 
y matter 
4 717420 T1416 148426 1134209 104424 217438 092 68-0+0-25 (4) 
matter 
id valve 4 156465 3543-0 191472 181476 406435 222484 022 86-1+0-56 (4) 
ht atrium 6 93461 61446 154476 114475 748457 18949-4 0-66 81-6+0-37 (4) 
t atrium 6 72441 86480 158490 904456 108410 198411 1:2 79-7+0-17 (4) 
t ventricle 6 47441 89441 136458 60-7453 115453 176475 19 177-5+0-13 (4) 
t ventricle 6 55423 91422 146435 695436 115428 185446 1-7 79-0+0-59 (4) 
Masseter muscle 3 30412 84422 114425 40-041-7 111429 151434 2-7 175-641°3 (4) 
Whole blood 8 123493 125412 136494 156412 158415 172412 010 17849 (1) 
+ indicates 


i standard error of the mean. 
figures in brackets are the numbers of samples examined for water content. 


DISCUSSION | 

It is generally believed that, in contrast to plasma, cells have a high potassium 
and low sodium content. The results presented show that this is certainly not 
true for the following structures, a-v bundle, a-v node, s-a node and tricuspid 
valve. The a-v bundle has the highest sodium content, as well as the highest 


content of sodium plus potassium, of any of the tissues examined, and this 
merits further investigation. 
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the tissue water of the obturator nerve and of the grey matter of the spinal 


less than unity. The cardiac muscle of course combines the function of con- 
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The differences in water content of the heart tissues are small and the ionic 
strength of the intracellular fluid of the bundle and nodal tissues must be far 
greater than that cf the blood. This confirms and extends the recent observa- 
tions of Opie (1949) and Robinson (1952a, b) that the ionic strength of the 
intracellular fluid of several types of cell is normally greater than that of the 
plasma. The maintenance of these concentration gradients probably requires 
an active transport mechanism. Peripheral nerve also hasa low ratio potassium/ _ 
sodium, but the total sodium plus potassium content is low. However, the 
nerve contains a large amount of ether-soluble material whilst the bundle 
contains no fat (adipose tissue) cells. The sodium and potassium contents of 


cord approach those of the specialized heart tissues (s-a node, a-v. node, A-v 
bundle) and are much higher than those of the ordinary heart muscle (Table 3). 

It is important to realize that each structure analysed is not homogeneous, 
but is a complex consisting of more than one histological element. Forinstance, 
the obturator nerve includes not only the conducting axis cylinders of the 
nerve fibres but also much connective tissue and fat; likewise the a-v bundle 
comprises Purkinje fibres, connective tissue and some nerve fibres, and even 
the ventricular muscle and the masseter muscle contain much connective 
tissue in addition to the contractile elements. Each structure, however, is 
a functional entity and it is in this sense that a comparison is made between 
their sodium and potassium content. In the case of the cardiac muscle (e.g. 
left ventricle) and skeletal muscle (e.g. masseter), the potassium content is 
greater than the sodium, and the potassium/sodium ratio is considerably 
greater than unity (Table 3). On the other hand, in the nerve tissues (e.g. 
obturator nerve and the white and grey matter of the spinal cord) the potassium 
content is less than the sodium, so the potassium/sodium ratio is less than 
unity. The a-v bundle, a-v node and s-a node, so far as their sodium and 
potassium content is concerned, resemble the above purely conducting 
(nervous) rather than the contractile (muscular) structures, in that their 
potassium content is less than the sodium, and the potassium/sodium ratio is 


duction with its predominant role of contraction. Graphic measurements, 
made from histological sections of the a-v bundle by projection on to squared 
paper, showed that the nerves in the bundle amount to less than 3% of the | 
total mass of the bundle; hence they cannot account for the similarity between 
the sodium and potassium contents of the total bundle and those of the nervous 
tissues examined. Similarly, calculations show that no mixtures of white 
fibrous connective tissue and cardiac muscle can give the sodium and potassium 
values found for the specialized heart tissue of the ox. 

The high sodium content of some of the tissues shown in Table 3 may seem 
surprising, but it should be noted that the erythrocytes of the dog, cat and ox, 
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have a high sodium and low potassium content in contrast to those of the 
rabbit, rat and man, which have a low sodium and high potassium content 
(Kerr, 1936). The potassium/sodium ratios of both skeletal and cardiac muscle 
of the ox are, however, similar to those in man and other mammals (see Davies 
& Krebs, 1952). 

Tissues are composed of cells with specific functions and the electrolyte. 
content of the cells reflects these functions. The similarity between the sodium 
and potassium content of the tissue water of peripheral nerve and of the a-v 
bundle and nodal tissues of the bovine heart, suggests that these tissues have 
a similar role, namely conduction of impulses, whilst the clear difference in 
sodium and potassium content of the tissue water between these structures 
and cardiac or skeletal muscle suggests a difference in function. 


SUMMARY 


1. The sodium, potassium and water contents of the following tissues of the 
ox have been measured: atrial and ventricular muscle (right and left), a-v 
bundle and node, s-a node, tricuspid valve, obturator nerve, spinal cord (grey 
and white matter) and masseter muscle. 

2. The a-v bundle has a sodium content of 159 + 21 m.mole/kg wet weight, 
and a potassium content of 93+11 m.mole/kg wet weight. The sum of these 
values is higher than that of any other of the tissues examined. 

3. The potassium/sodium ratios in the a-v bundle, a-v node and s-a. node 
are less than unity, and resemble those of conducting (nervous) tissues rather 
than contractile (muscular) tissues, in which the ratios are greater than unity. 


We are pleased to record our thanks for the helpful co-operation extended to us by the authorities 
and employees of the Sheffield Corporation Abattoir, and one of us (R. W.) wishes to acknowledge 
the receipt of a grant from the Agricultural Research Council. 
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‘THE ACTION OF ADRENALINE AND NORADRENALINE 
ON THE PLACENTAL AND FOETAL CIRCULATIONS IN 
THE RABBIT AND GUINEA-PIG 


By A. C. DORNHORST anv I. MAUREEN YOUNG 


From the Departments of Medicine and Physiology, St Thomas’s Hospital 
_ Medical School, London 


(Received 12 May 1952) 


The original object of the investigation was to find whether the placental 
barrier was permeable to adrenaline and to noradrenaline. It soon became 
apparent that whereas the placental vessels were very sensitive to these 
hormones, the foetus itself was relatively insensitive. These findings will now 
be described. | 

METHODS 
The observations were made on rabbits, 28-31 days pregnant, and guinea-pigs, 40-63 days 
pregnant. Light anaesthesia was maintained with urethane 1-5 g/kg body weight, injected intra- 
venously. The guinea-pigs were lightly anaesthetized with ether while a vein was exposed for the 
injection. A maternal jugular vein was cannulated with fine polythene tubing for the infusion or 
injection of drugs. The maternal arterial blood pressure was recorded with a capacitance mano- 
meter from a carotid artery which was also cannulated with fine polythene tubing. The 
abdominal wall was opened by a mid-line incision under saline at 38° 0. The uterus was cut 
longitudinally from rump to crown of a single foetus and that foetus was then delivered into the 
saline and supported throughout the experiment on a gauze sling. The foetal arterial blood 
pressure was recorded with a capacitance manometer from one carotid artery which was cannulated 
with a no. 19 record needle. Intrafoetal injections were made into the jugular vein or, in the 
guinea-pig, into the vitelline vein, towards the foetus. 


RESULTS 


L-Adrenaline, L-noradrenaline and oxytocin in the maternal circulation 
A continuous infusion of adrenaline, at the rate of 0-6 yg/kg/min, increased 
the maternal blood pressure by 10-25 mm Hg (with or without accelerating 
the heart rate) and caused vigorous contractions of the uterine muscle. The 
placenta became blue, the foetal heart rate fell from an average value of 
300 per min to 150-170 per min, and the foetal blood pressure decreased from 
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an average figure of 30 mm Hg down to 15-20 mm Hg (Figs. 1 and 2a). These 
foetal changes commenced 20-60 sec after the beginning of an infusion and 
coincided with the change in placental colour; they quickly passed off when 
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Fig. 1. Rabbit 30 days pregnant. Upper record, maternal 8.P. Lower record, foetal B.P. Single 
maternal injection of 5 yg adrenaline. Foetal bradycardia and fall in arterial pressure 
started 20 sec after beginning of injection. 

Arterial pressures in mm Hg, and time signals in seconds in Figs. 1 and 3-6. Time signa 
suspended during injection. 


(b) 


p.R./min 


Time in minutes 
Fig. 2. Rabbit 29 days pregnant. Foetal bradycardia and fall in arterial pressure: (a) 45 sec 
after beginning of maternal infusion of adrenaline; (b) 30 sec after clamping the umbilical 
cord. Blood pressure: maternal, (J—(L), foetal, @—®; pulse rate: maternal, O—O, 
foetal, @—®. 
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the infusion was stopped. Smaller doses gave no response; with larger doses 


the response was more rapid in onset. A total of seven foetuses in five rabbits 
were studied. Similar results were obtained, less consistently, in four guinea- 
pig foetuses. Noradrenaline produced, both in the rabbit and guinea-pig, 
effects similar to those of adrenaline. None of the foetal circulatory changes 
was prevented by giving atropine (0-1-1-0 mg/40-100 g foetus). : 

Oxytocin (0-05-0-10 unit), injected as a single dose in rabbits, produced 
very strong uterine contractions with blanching of the uterine muscle. There 
was, however, little alteration in the placental colour, and only a moderate 
slowing of the heart rate was observed in one foetus out of three. 


Fig. 3. 58-day guinea-pig foetus. Rise in arterial pressure after intrafoetal injection of: 
(a) 1 wg adrenaline; (b) 1 yg noradrenaline. 


Adrenaline and noradrenaline in the foetal circulation 


Neither the rabbit nor guinea-pig foetus consistently responded to a single 
injection of 0-25 wg adrenaline, but 0-5-1-0 ug (corresponding to 10-25 yg/kg 
body weight) was always effective, causing an increase in the mean arterial 
pressure and an increase in the pulse pressure although there was very little 
change in the heart rate (Fig. 3a). The placenta became a brighter red, but 
there were no uterine contractions and no alteration in maternal blood pressure 


and heart rate. Noradrenaline in like doses gave very similar results but the 
pulse pressure increased less (Fig. 35). 
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Fig. 4. Rabbit at end of term. Upper record, maternal s.r. Lower record, foetal B.p. Foeta 
bradycardia and fall in arterial pressure beginning 10 sec after beginning of occlusion of 
umbilical cord; the occlusion lasted for the duration of the signal. 


% 


Fig. 5. Rabbit at end of term. Upper record, maternal 8.p. Lower record, foetal B.p. Foetal 
bradycardia and fall in arterial pressure beginning 20 sec after maternal death by intravenous 
injection of air. 


Fig. 6. Rabbit at end of term. Upper record, maternal 8.P. Lower record, foetal B.P. Foeta 
bradycardia and fall in arterial pressure beginning 20 sec after beginning of stimulation of 
the intact maternal vagus. 
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Asphyzial slowing of the foetal heart 
Figs. 2b and 4-6 show the foetal cardiac slowing and fall in blood pressure 
which occurred, due to asphyxia, 10-30 sec after occlusion of the cord, maternal 
death or the circulatory disturbance during maternal vagal stimulation. Such 
slowing was not prevented by atropinizing the foetus. 


DISCUSSION 


The resemblance between the effect of t-adrenaline, and L-noradrenaline, in 
the maternal circulation, and that of foetal asphyxia upon the foetal cardio- 
vascular system suggests that these drugs cause foetal asphyxia by reducing 
the maternal placental blood flow. Cyanosis of the placenta always occurred 
with effective doses of both adrenaline and noradrenaline and coincided with, 
or slightly preceded, the foetal cardiovascular changes. This reduction in 
placental blood flow is probably due to the direct action of adrenaline and 
noradrenaline on the placental blood vessels and not to the uterine contrac- 
tions, for with oxytocin, which causes much more vigorous uterine activity, 
there is less placental cyanosis and consequent foetal cardiovascular changes. 
Robson & Schild (1938) showed that the blood flow through the uterus was 
little effected by oxytocin but greatly reduced by adrenaline. Clark (1932) 
observed, in the cat, that maternal injection of adrenaline caused a fall in the 
foetal blood pressure, but he concluded that this was due to the vasodilator 
action of a trace of adrenaline which had crossed the placental barrier. The fall 
in foetal blood pressure in our experiments was always accompanied by 
a bradycardia which did not suggest a direct action of adrenaline: moreover, 
we never observed depressor responses to sub-pressor doses of adrenaline 
injected directly into the foetal circulation. Clark also found that in his cats 
pitressin depressed the foetal blood pressure but noted that it had less effect 
on the foetal circulation than had equipressor doses of adrenaline. Nakagawa 
(1936) found that adrenaline delayed the placental transfer of micro-organisms 


and bacteria from the mother to the foetus, and Huggett (1952) has suggested — 


that this was due to constriction of the placental vessels. 

The smallest effective doses of adrenaline and noradrenaline in the foetus is 
weight for weight 20-25 times the minimal effective adult dose; this relative 
insensitivity of the foetal response to adrenaline was noted previously by 


Clark (1932) in the cat, and by Burlingame, Long & Ogden (1942) in the rat. 


The large doses of adrenaline and noradrenaline, when injected intravenously 
in both rabbit and guinea-pig foetuses, produce changes in the blood pressure 
resembling those produced by moderate doses in the adult: the rise in the 
arterial pressure is accompanied by a greater rise in pulse pressure with 
adrenaline than noradrenaline. However, these large doses of both adrenaline 
and noradrenaline scarcely alter the foetal heart rate. It was also observed 
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that, after intrafoetal injection of adrenaline and noradrenaline, the placenta 
and umbilical vein became a brighter red and the umbilical artery darker in 
colour. These observations suggest a reduced rate of oxygen uptake from the 
maternal blood possibly due to constriction of the foetal vessels, and a 
decreased blood flow on the foetal side of the placenta. Von Euler (1938) 
found that adrenaline constricted the foetal vessels in isolated perfused 
human placentae. 

The relative insensitivity of the foetus to adrenaline and noradrenaline 
under the experimental conditions make it unlikely that the transfer of small 
amounts from the maternal circulation could be detected. No definite con- 
clusion can therefore be reached with respect to the maternal foetal transfer 
of these two substances. 

The comparatively large doses given to the foetus are without sles on the 
uterine muscle and the maternal cardiovascular system. This suggests that 
there is no transfer from the foetal to the maternal circulation and agrees with 
the conclusions of Snyder & Hoskins (1927). The presence of high concentra- 
tions of mono-amine oxidase in rabbit and guinea-pig placentas (Thompson 
& Tickner, 1949) may be responsible for the inactivation of adrenaline and 
noradrenaline as they are transferred from either maternal to foetal or foetal 
to maternal circulations. The relative insensitivity of the foetus to adrenaline 
and noradrenaline may also be due to rapid inactivation but there have been, 
as yet, no determinations of amine oxidase activity in these foetal tissues. 


SUMMARY 


1. In the pregnant rabbit and guinea-pig small pressor doses of both adrena- 
line and noradrenaline cause vigorous contractions of the uterine muscle and 
impairment of the placental circulation with subsequent slowing of the foetal 
heart rate and fall in foetal blood pressure. 

2. The foetal circulation is relatively insensitive to both adrenaline and 
noradrenaline. Pressor responses can only be obtained by 20 times the 
maternal dose; an increase in pulse pressure is always obtained but seldom 
any alteration in heart rate. No depressor responses were observed. 

3. This foetal response to adrenaline in the maternal circulation is due to 
a reduction in the blood supply to the maternal side of the placenta and the 
consequent asphyxia of the foetal heart. Similar responses are obtained by 
clamping the cord, lowering the maternal blood pressure and killing the 
mother. 

4, Oxytocin i in the maternal circulation, while causing strong uterine con- 
traction gives very little impairment of the placental and foetal circulations. 
It is suggested that it is the direct action of adrenaline and noradrenaline on 
the placental blood vessels and not the uterine contractions which is responsible 
for the reduction in maternal placental circulation. 
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5. There is no evidence of the placental transfer of adrenaline and nor- 
adrenaline either from mother to foetus or foetus to mother. 


Our thanks are due to Mr M. G. Ventom for technical assistance, Prof. E. P. Sharpey-Schafer 
for apparatus and facilities, and to Prof. Henry Barcroft for suggestions and criticism. 
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THE SCOTOPIC A-WAVE IN THE ELECTRICAL 
RESPONSE OF THE HUMAN RETINA 


By J. C. ARMINGTON, Brown University, 
E. P. JOHNSON, Bowdoin College, anv L. A. RIGGS, Brown University* 


(Received 10 March 1952) 


The electrical response of the retina is conventionally described as comprising 
several ‘waves’ known since the time of Einthoven & Jolly (1908) as the 
A, B, C and D waves. These are described in terms of the polarity of the 
cornea. The A-wave, first observed when Gotch (1903) used a magnifying glass 
to examine some records from the eye of a frog, is portrayed as a brief, 
negative deflexion of short latency, ending with the inception of the first 
positive component or B-wave. With the subsidence of the B-wave there 
appears in some records a second positive component, slowly rising and 
diminishing. This is the C-wave. These three waves are ‘on-effects’, appearing 
in response either to the turning on of light or to stimulation by brief flashes. 
The fourth component, the D-wave, is a rapid, positive ‘off-response’. These 
several waves have been attributed by Granit (1933) to the interaction of 
three basic processes: Process I, a sluggish positive process, responsible for 
the O-wave; Process II, the principal positive process, accounting for the 
B-wave; and Process III, the negative process, producing the A-wave and 
also, through its cessation of activity at the termination of the stimulus, 
contributing the larger part of the D-wave. 

Though this general picture has for some time been accepted as the normal 
or typical form of the retinal response, it has been recognized that the precise 
configuration of the response varies considerably with circumstances. Impor- 
tant variables include the degree of light-adaptation, the character of the 
stimulus, the condition of the eye (whether moribund, anoxic, drugged, or 
“normal’), the species of organism, etc. Investigators, varying these con- 
ditions, have sought to analyse the retinal response either into ‘basic pro- 
cesses’, as Granit has done, or into ‘photopic’ and ‘scotopic’ portions. 


* This research was carried out in the Psychology Laboratory of Brown University under 
contract between the Office of Naval Research and Brown University, Providence, R.I., U.S.A. 


PH. CXVIII. 19 


; 
q 
x 
a 
A 
an 
= 


2990 J.C. ARMINGTON, E. P. JOHNSON AND L. A. RIGGS 


With regard to the human response, the principal B-wave is thus now con- 
sidered to reflect activity within the scotopic visual system. This has been 
inferred by Adrian (1944, 1945), Johnson (1949), Riggs, Berry & Wayner 
(1949) and by others. C-waves and D-waves are not evident in human 
responses. C-waves occasionally reported are probably artifacts attributable to 
the intrinsic muscles of the eye. The negative A-wave, however, appears under 
many conditions, the principal requisite being a stimulus of high intensity. 

According to Granit (1947), all negative phases of the response are referable 
to his Process III and, in discussing the ‘H#-retina’, in which class he places 
the human retina, he suggests that Process III (hence also the A-wave) 
represents cone-function. He supports this view by citing the experimental 
work of Adrian. 

Adrian (1944, 1945), besides contributing the hypothesis that the negative 
A-wave is part of the photopic response, has demonstrated the existence of 
another small positive component, occurring earlier than the B-wave. This 
component, because it is most evident in responses to red light, has also been 
_ assigned tentatively to the photopic system. The current picture of the human 
retinal response, then, as described by Adrian (1945, p. 103), is as follows: 


‘The photopic component is a brief diphasic potential change. There is an 
initial negativity of the cornea (which may represent a different form of 
activity) followed by a brief positive wave. The response is produced by white 
light or by monochromatic light of all colours except blue. It is present in 
the fully light-adapted eye and is not much increased by dark-adaptation. — 

“The scotopic component is a slower monophasic change reaching 0-3-0-4 mV, 
with the cornea positive. It is produced by light of all colours except deep red. 
It is absent in the light-adapted eye and is greatly increased by dark- 
adaptation.’ 


It has been our observation that the A-wave may be considerably aug- 
mented by dark-adaptation. This is not true of Adrian’s brief positive com- 
ponent. Using higher intensities of stimulation than those available to Adrian, 
we were able to elicit A-waves in response to monochromatic stimuli ranging 
from red through blue. It thus appeared possible, upon determining the 
energy required at each wave-length to produce some ‘standard A-wave’, 

to define the spectral sensitivity curve for this component. The results are 
reported below. We have also made exploratory studies of the course of 
development of the A-wave during the period of dark-adaptation and of its 
relationship to stimulus-intensity. We conclude that the negative portion of 
the response is not a simple, unitary phenomenon. The main A-wave, if such 
may be identified, seems contaminated by other components, positive or 
negative, which confuse the picture. One conclusion which seems inescapable 
is that the A-wave, as grossly observed, is not a purely photopic effect. 
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METHOD 


The apparatus is similar to that previously described by Johnson (1949). It comprises an optical 
system for stimulating the eye, recording electrodes, an amplifier, and a photographic- 
recording device. The eye is kept in position with a biting-board and a central fixation point. 
The active electrode is a silver disk mounted in a contact lens. The inactive electrode is applied 
to the forehead. The responses are led into an amplifier which activates a monitoring cathode 
ray oscillograph and a G.E. loop oscillograph. The excursions of the latter are recorded photo- 
graphically on tape. Responses may be recorded using either direct-coupled or condenser- 
coupled amplification. Measurements have been made only on direct-coupled records. 

The stimulus, presented in Maxwellian view, is a circular patch with a diameter of 7° 30’. Its 
maximum luminance, with no filters inserted, is about 1} million footlamberts. Filters used were 
Wratten neutral density filters and Farrand monochromatic filters with transmission peaks 
(adjusted for the scotopic visibility function) at 564, 541, 529, 509, 466, and 434 my, referred to 
below as H, F, G, H, I and K filters, respectively. Three additional filters used were: FR (ethyl 
cellulose, red, cutting off at about 600 my); W 44 (Wratten no. 44, minus-red, cutting off the 
red end at about 580 mj); and W 49 (Wratten no. 49, blue, cutting off at about 510 my). Spectral 
transmissions of all filters have been determined with a Beckman DU spectrophotometer. The 
light source, a 50 c.p. tungsten lamp, burns at a temperature of 3300° K, from which its spectral 
emission may be calculated. The method by which the scotopic luminosities of the various filter 
combinations are computed has been described by Riggs et al. (1949). 

Conditions of light-adaptation are maintained with a white-illuminated hemispheric field. The 
stimulus is presented through a hole in the centre of this field. A two-footlambert field was used 
while recording responses of the ‘light-adapted eye’. In sessions devoted to a study of dark- 
adaptation the subject, after donning electrodes, spent 15 min in darkness followed by 15 min 
of exposure to a 40-footlambert field. The field light was then extinguished and dark-adaptation 
began. Stimuli were presented after 5 sec; 1, 2, 3, 4 and 5 min; and at intervals of 2-5 min 
thereafter. Records reported as being taken with the eye ‘dark-adapted’ were recorded after at 
least 40 min of dark-adaptation. 


RESULTS 


Fig. 1 shows responses to red and white flashes under conditions of light- and 
dark-adaptation. A-waves are present in all four records but, whereas the 
two different stimuli yield approximately matched responses in the light, the 
response to white has much the larger A-wave when the eye is dark-adapted. 
This comparison invites the suspicion that the A-wave recorded in the dark 
reflects scotopic activity to some degree. Attention should be drawn to the 
fact that the dark-adapted red- and white-A-waves differ in character as well 
asin amplitude. Reduction in the intensity of the 40 msec white flash, though 
it decreases the overall amplitude of the A-wave, does not result in a flat- 
bottomed response such as that obtained with the red. It would be manifestly 
impossible, then, to determine the intensities required for each of these stimuli 
to elicit some ‘standard A-wave’. Fortunately, though perhaps fortuitously, 
the responses to colours other than red are considerably less individualistic 
in appearance. The degree of similarity may be seen by referring to Fig. 2 
where are shown roughly matched responses to stimuli of different colours 
ranging from yellow through blue. 

Assuming some validity in the making of such matches, we have attempted 


to determine the spectral sensitivity of the A-wave of the dark-adapted eye. 
19—2 
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Three colour-normal subjects were used, Each of the monochromatic stimuli 
was presented at several intensities so as to record A-waves ranging from zero 


amplitude to waves of moderate size. The intensity was varied with neutral 


(a) White, 
|. adap. 


(b) Red, 
|. adap. 


(c) White, 
d. adap. 


(d) Red, 
d. adap. 


Fig. 1 Fig. 2 


Fig. 1. Responses °to red and white stimuli under conditions of light- and dark-adaptation: 
(a) response to white (1-3 log density neutral filter) recorded during continuous exposure to 
a 2-footlambert field; (b) response to red (FR filter) under the same conditions; (c) response 
to same white stimulus, but with the eye dark-adapted; (d) response to the same red with eye 
dark-adapted. 40 msec flashes. Time marks, 0-1 sec. Subject E.P.J. 


Fig. 2. Approximately matched responses of the dark-adapted eye to ‘monochromatic’ stimuli: 
filters EZ (yellow), F, G, H and K (blue). Varying strengths of neutral density filter were 
employed. Time marks, 0-1 sec. Subject E.P.J. 


filters in 0-3 or 0-4 log. unit steps. The A-waves were then measured and their 
magnitudes plotted against intensity. By interpolation from these graphs, 
intensity values such as would be requisite for the elicitation of ‘standard’ 
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A-waves of moderate size were determined. Relative photopic and scotopic 
luminosity values of such stimuli were then computed. The computed photopic 
values were obviously unequal. The fit to a scotopic function turned out much 
better, as may be seen in Fig. 3. Here the scotopic luminosity values obtained 
for the several colours have been plotted as deviations from the scotopic sensi- 
tivity function. The scotopic curve used is that of Stiles & Smith (1944). The 
luminosity value of the H filter, and its corresponding position on the scotopic 
sensitivity curve (509 my), have been assigned an arbitrary value of 1-00. 
The result is a ‘spectral sensitivity curve’ for the A-wave which shows 
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Fig. 3. ‘Spectral sensitivity curve’ of the A-wave (experimental points plotted for three indi- 
vidual subjects at six points on the spectrum) compared with the sensitivity curve for the _ 
B-wave (broken line) and with the scotopic luminosity function (solid line). The letters 
designate the ‘monochromatic’ filters employed. 


relatively more sensitivity to blue, less to yellow, than would be predicted 
even on the assumption that the phenomenon is scotopic. This is similar to 
what was earlier found true of the B-wave (Riggs et al. 1949). The curve drawn 
through the experimental points in Fig. 3 is, in fact, the B-wave sensitivity 
curve from the earlier study. The argument which has been applied by 
Boynton & Riggs (1951) to explain the discrepancy in the case of the B-wave 
data is that the shorter wave-lengths are scattered more by the ocular media 
so as to stimulate an effectively greater area. This reasoning would seem to 
apply equally to the case of the A-wave. 
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This does not mean that the A-wave may now be summarily assigned to 
the scotopic visual system. There are several arguments against this. In the 
first place, the response to red light undeniably exhibits an A-wave, an initial 
negative deflexion. From a computation of the scotopic luminosity value of 
our red stimulus we should predict none—the scotopic value of the red is much 
too low by comparison with the other colours. The A-wave, furthermore, 


1 min | 2 min 


2 min 


7 min 


7 min : 
13 min 


19 min 17 min 


25 min 21 min 


31 min 
26 min # 
45 min 
47 min 


Blue series . 
Fig. 4. Responses to blue (W 49) and red (FR) stimuli recorded during the course of dark- 


adaptation. Times given are from the turning-off of the 40-footlambert light-adaptation 
field. Time marks, 0-1 sec. Subject E.P.J. 


Red series 


frequently appears duplex in character. The typical A-wave, in response to 
high-intensity stimuli, shows a momentary ‘levelling off’ midway through the 


response. The slope then increases again, abruptly, continuing until it is: 


interrupted by the rise of the positive B-wave. Such a response may be seen 
in Fig. 2 (E filter, yellow), in Fig. 4 (toward the end of dark-adaptation in 
the blue series), or in Fig. 7, where it is illustrated schematically. 
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Fig. 4 shows responses to blue light and red light, recorded during the 
course of dark-adaptation. Similar series of responses were recorded using 
white and minus-red stimuli. In Fig. 5 the magnitude of the A-wave, in 
microvolts, is plotted as a function of time-in-the-dark ‘for each of these 
stimuli. The red-A-wave, though it alters somewhat in appearance, does not 
grow in amplitude. The blue-, white-, and minus-red-responses, on the other 
hand, begin increasing noticeably in size after the eye has been 4-7 min in 
darkness. This growth continues until the end of the session, thus paralleling 
the development of the B-wave as revealed in earlier studies. The heavy 


wt 


phon ¢ 
\; Minus red 


Response amplitude 
8 


Blue 
100 Red 
0:1 1 2345 10 20 304050 


: Minutes in the dark 

Fig. 5. Magnitude of the A-wave plotted against minutes of dark-adaptation for stimuli of four 
different colours: white (0-6 log unit neutral density filter), minus red (W 44), blue (W 49), 
and red (FR). The heavy broken line represents the growth of the B-wave under similar 
circumstances. The bottom curve (unlabelled) shows the contribution of the secondary 
‘spurt’ to the total magnitude of the blue-response. Subject E.P.J. 


broken line in Fig. 5 represents the growth of the B-wave, as reported by 
Johnson (1949). Only the general form of the curve is pertinent, inasmuch as 
conditions were somewhat different during the B-wave experiment. The 
stimuli, in that study, were less intense and the preliminary light-adaptation 
level was lower. 

The growth of the A-wave in the later stages of dark-adaptation appears, 
on inspection, to be related to the appearance of the secondary ‘spurt’ of 
negativity which we have described as coming directly before the B-wave. 
This ‘spurt’ is not characteristic of the red-responses but it may be differen- 
tiated easily in the blue series, as seen in Fig. 4. Although it is probably 
futile to try to estimate, quantitatively, how much of the A-wave is produced 
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by the activity underlying this ‘spurt’, inasmuch as only the combined effect 


or resultant of response processes appears in 
the record, we have attempted to measure the 
magnitude of the ‘spurt’ treating it as though 
it were a discrete component and as though 
any other, residual, negativity were maintained 
at a constant level during its occurrence. The 
bottom curve in Fig. 5 shows the actual in- 
crease in negativity during the ‘spurt’ portion 
of the response as measured on records of the 
blue series in which the beginning and the end 
of the ‘spurt’ could be discerned clearly. It 
may be seen that the increase in the size of this 
component accounts for most of the growth of 
the A-wave during dark-adaptation. 

In Fig. 6 there is shown a series of responses 
to progressively increasing intensities of white 
light. The eye was dark-adapted. The stimulus 
flashes had a duration of 5 msec. The double 
nature of the A-wave is very evident. Use of 
the shorter flash (others were 40 msec) seems 
to give emphasis to the duplicity. A possible 
explanation of this is discussed below. 


DISCUSSION 


The early negative phase of the electrical 
response of the human eye has hitherto been 
regarded as dependent on a retinal process 
which is (1) simple and unitary, and (2) 
primarily photopic. In view of the results 
presented here, neither of these ideas is tenable. 
Evidence for the existence of a scotopic com- 
ponent includes the fact that the A-waves 
recorded in response to stimuli of high scotopic 
luminosity show a progressive increment in 


Fig. 6. Response of the dark- 


adapted eye to different inten- 
sities of white light. The values 
given are the log units of neutral 
density filter inserted in the 
stimulus-beam. Maximum in- 
tensity (no filter) is assessed at 
about 14 million footlamberts. 
Arrow indicates a ‘wink-arti- 
fact’ in the 2-0 record. 5 msec 


. flashes. Time marks, 0-1 sec. 


Subject J.W. 


magnitude as dark-adaptation proceeds. Further, the effectiveness of different 
colours of light in eliciting A-waves from the dark-adapted eye may be calcu- 
lated with fair accuracy from the scotopic luminosity function. Although the 
scotopic function does not provide a perfect fit to the data, the divergence is such 
as to indicate excess blue-sensitivity—lending no encouragement to the view 


that the process is photopic. Most significant, perhaps, is the fact that the 
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spectral sensitivity of the A-wave matches that of the B-wave, which most in- 
vestigators agree to be scotopic. The divergence of B-wave-sensitivity from 
the scotopic curve has been explained by Boynton & Riggs (1951) as resulting 
from the greater scattering of blue light within the eye; the departure is less 


when larger stimulus-areas are employed. 


That the A-wave is not entirely scotopic, however, is shown by the fact 
that red light, even though low in scotopic luminosity, produces a definite 


negative potential. The red-A-wave fails to in- 
crease appreciably in amplitude during dark- 


adaptation, having, after 5 sec in the dark, about — 


the same amplitude as when the eye has been 
dark-adapted for 45 min. There would appear to 
be two negative processes: one scotopic, the other, 
perhaps, photopic. Our tentative appraisal of the 
situation is indicated in Fig. 7. Here we suggest 
that there may be a ‘photopic’ A-wave, a negative 
potential with a latency of 10 msec or less, which 
attains its maximum level of evocability or excit- 
ability within a few seconds after dark-adaptation 
has commenced. A second negative component, 
the ‘scotopic’ A-wave, does not appear until the 
eye has been dark-adapted for several minutes. 
It has a longer latency than the ‘photopic’ 
potential, coming in only 10-20 msec ahead of 


the B-wave. Its magnitude is dependent on the | 


scotopic luminosity value of the stimulus and on 
the degree of dark-adaptation. 


Although the ‘photopic’ and ‘scotopic’ com- | 


ponents are drawn as single, diphasic elements 
in Fig. 7, it is not meant to imply that the 
negative and positive phases of each cannot 


response of the dark-adapted 
eye into ‘photopic’ and ‘sco- 
topic’ components. The solid 
line represents the typical 
response to a high-intensity 
flash of white or mid-spectral 
light. The broken line depicts 
the supposed photopic re- 
(cf. light-adapted 


earlierred-resp in Fig. 4). 
The dotted line shows what 
would then remain as the 
scotopic contribution. A re- 
sponse of the latter form 
has not been experimentally 
isolated, though a sufficiently 
intense violet flash might be 
expected to evoke it. 


vary independently of each other. The positive 
components have been sketched in partially to cover our ignorance of the 


later course of the negative processes. There is some evidence that the 


‘photopic’ A-wave returns rather quickly to the base-line, once the stimulus 
has been removed. We may point, for instance, to the responses shown in 
Fig. 6, where the break between the two negative portions of the response is 
very evident. The stimulus, here, lasted but 5 msec. With longer flashes, the 
early A-component maintains its level of negativity longer, passing more 
smoothly into the later ‘scotopic’ phase. What appears to be a tiny positive 
peak occurring in the trough of the A-wave in the lower-intensity responses 
of this series may be interpreted as an ‘off-effect’ resulting from the cessation 


— 

Fig. 7. Analysis of the retinal ; 
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of the ‘photopic’ A-process. It would thus be somewhat comparable to the 
D-wave observed in lower animals. 

There is a possibility, of course, that this peak is a genuine positive com- 
ponent whose conditions of occurrence are such as to bring about the ‘broken’ 
appearance of the A-wave which has concerned us in this report. For the 
present, however, we are content to accept the analysis which we have 
proposed. As the next step in our investigation we intend to check on the 
supposed photopic nature of the early A-component by working in the early 
period of dark-adaptation where, if our analysis is correct, we will find it 
uncontaminated by the scotopic phase. 


SUMMARY 


1. A-waves elicited from the human eye by light-flashes of high intensity 
have been analysed into two components. . 

2. The earlier component, best observed in response to red light, is ten- 
tatively designated the ‘photopic A-wave’. 

3. A slightly later component, which develops during prolonged dark- 
adaptation, shows spectral sensitivity characteristics which identify it as 
scotopic in nature. 

REFERENCES 
Apruy, E, D. (1944). Rod and cone responses in the human eye. Nature, Lond., 154, 361-362. 
Aprian, E. D. (1945). The electric response of the human eye. J. Physiol. 104, 84-104. 
Boynton, R. M. & Riaeas, L. A. (1951). The effect of stimulus area and intensity upon the human 
retinal response. J. exp. Psychol. 42, 217-226. 

Exytnoven, W. & Jouiy, W. A. (1908). The form and magnitude of the electrical response of the 
eye to stimulation by light at various intensities. Quart. J. exp. Physiol. 1, 373-416. ; 
Gorton, F. (1903). The time relations of the photo-electric i ; 

rit . e - of the photo-e changes in the eyeball of the frog 
Grantrt, R. (1933). The components of the retinal action tial in mammals and their relation 
to the discharge in the optic nerve. J. Physiol. 77, 207-239. 
a ae Sensory Mechanisms of the Retina, pp. 126, 135. Oxford University Press. 
ounson, E. P. (1949). The electrical response of the human retina during -adapta 
Riees, L, A., Berry, R. N. & Waynaur, M. (1949). A parison of electrical and h 
determinations of the spectral sontitivity of eye. J. opt. dur. 


aii y & Smirn, T. (1944). A mean scotopic visibility curve. Proc. phys. Soc. Lond. 56, 


a 
q 
x 
qj 
4 
i 


J. Physiol. (1952) 118, 299-309 


COMPARISON OF CARDIAC OUTPUT DETERMINATIONS IN 
THE CAT BY DIRECT FICK AND FLOWMETER METHODS 


By I. G. BAXTER, D. J. C. CUNNINGHAM anp J. W. PEARCE 
From the University Laboratory of Physiology, Oxford 
(Received 1 April 1952) 


A method of measuring instantaneous volume flow in the pulmonary artery of 
cats has previously been described (Baxter & Pearce, 1951). The flowmeter 
includes a differential condenser manometer that measures the pressure drop 
between the orifices of a Pitot head which is inserted into the artery. The error 
of the instrument, when used for measuring pulsating blood flows produced 
artificially, is within 59%. Although the instrument was designed to measure 
changes in individual beat outputs of the right heart, it was thought advisable 
to compare the total cardiac output measurement obtained im vivo by the 
flowmeter with the figure arrived at by an established method. A comparison 
was therefore made between the average minute-output of the right heart 
determined by the flowmeter with values estimated simultaneously by the 
direct Fick method. This report describes the comparison, and includes an 
additional series of cardiac output values in the cat obtained by the flowmeter 
alone. 


METHODS 


Flowmeter method 
This method has been described in a previous paper (Baxter & Pearce, 1951). The output per 
minute of the right ventricle was obtained from 20 sec recordings ot the flowmeter tracings. In 
each record, all the beat flow tracings during at least one respiratory cycle were integrated in order 
to obtain a mean value for stroke volume. This figure was then multiplied by the heart rate per 
minute, 
Direct Fick method 

The quantities to be measured were the oxygen consumption (or CO, production) and 
arterio-venous difference for oxygen (or CO,). The cardiac output is then calculated from the 
relationship: 

Oxygen consumption CO, production 


Arterio-venous difference for oxygen ™ Arterio-venous difference for CO,” 


In practice, the oxygen exchange is generally regarded as being more stable so it was employed in 
these studies. 
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Oxygen consumption. In preliminary experiments the oxygen consumption was measured with 
a small Krogh spirometer working in a closed circuit. This was abandoned as there was evidence 
that carbon dioxide was not being adequately absorbed and that steady state conditions were not 
being achieved. A miniature Douglas bag technique was substituted, making use of a latex rubber 
anaesthetic bag of 3 1. capacity. It was found that loss of gas by diffusion through the rubber was 
negligible provided the contents of the bag were measured and sampled within a few minutes of 
the end of the collection period. The respiratory valves, which were attached to the tracheal 
cannula, gave considerable trouble. In the first series of experiments, miniature Douglas valves 
with mica disks and closed by gravity were used. After a short period of breathing they became 
moist from condensation of water vapour and were liable to stick in the open position. They were 
therefore more or less incompetent in most of these experiments. Inaccuracies from this source 
were avoided on the inspiratory side by connecting them to a tube about 1 in. diameter and 3 ft. 
long, so that any expired air which leaked past the inspiratory valve would be breathed in during 
the next inspiration. The effect on the respiratory exchange from the small amount of rebreathing 
so caused would be constant provided the animal were connected to the valves well in advance of 
any determination. In practice, breathing through the valves was allowed for at least 10 min 
before an experiment started. Incompetence of the expiratory valve proved more serious. During 
the initial period of breathing through the valves any gas rebreathed from the expired air tube 
was mainly atmospheric air. When the collection period started this rebreathed air suddenly 
became expired air; there was therefore no certainty of establishing a steady state before the 
collection period. 

In the second series of experiments, valves with thin rubber flaps were used. These were also 
somewhat incompetent, so in the final series a small water valve was added on the expiratory side. 
With this no rebreathing was possible. The effect of these different valves on the B.Q. is shown in 
Table 1. Low 8.Q.’s indicate a retention of CO, as a result of rebreathing. 


TaBLE 1. The effect of incompetent respiratory valves on the B.Q. 


Series of : No. of 
expts. Valve type determinations Mean B.Q. Range of 8.Q. 


1 Mica, gravity | 0-68 0-63-0-75 
2 Rubber flap 15 0-695 0:56-0:82 
3 Rubber flap with water valve 12 0-84 0-74-1-00 


Possible errors introduced by rebreathing will be discussed later. The expired air from the bag 
was measured and a sample taken and analysed in the Haldane apparatus. All analyses were done 
in duplicate. 

Arterio-venous difference. It was considered necessary to determine the arterial as well as the 
venous blood oxygen content because full oxygenation of the arterial blood could not be guaran- 
teed. The blood samples were withdrawn from a carotid cannula and from the side-arm of the 
differential manometer union block; the latter communicated with the cannula in the pulmonary 
artery and therefore permitted the withdrawal of well-mixed venous blood. A small amount was 
allowed to escape to clear the dead spaces of the cannulae, then the samples were taken straight 
into 1 ml. Ostwald pipettes with glass stopcocks and graduated to deliver between two marks. The 
blood was transferred within a few minutes to the reaction bottle of a Haldane blood gas apparatus. 
It was already incoagulable as the animals were heparinized. The p tage saturation and oxygen 
capacity were determined on the same sample by Courtice & Douglas’s modification (1947) of 
Haldane’s ferricyanide method. In practice, the percentage saturation and oxygen capacity did 
not matter greatly as the first step in the determination was to measure the desaturation of the 
sample in vol./100 ml. blood; the arterio-venous difference was given by a comparison of the 
desaturation of the arterial and venous blood in vol./100 ml. blood. Corrections for gases in 
solution were found to cancel out; they were always calculated but the error caused by omitting 
them was never more than 2% either way, and was random. Uncertainties in the oxygen capacity 
determinations owing to the unpredictable behaviour of cat blood with standard laking agents did 
not therefore affect the final results. 
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Experimental procedure 

Anaesthesia was induced with intraperitoneal soluble pentobarbitone (40 mg/kg body weight) 
and maintained with further intravenous injections of the drug. Tracheal and carotid cannulae 
were then inserted. In later experiments a preliminary determination of the respiratory exchange 
was carried out. During the collection of the bag sample, blood was drawn from the carotid 
cannula and the percentage saturation measured. This was usually about 95%. The flow cannula 
was then inserted in the pulmonary artery as previously described (Baxter & Pearce, 1951). After 
sewing up the chest wall, artificial respiration was stopped and the animal connected to the 
respiratory valves. After waiting for about 10 min to allow a steady state to be reached, determi- 
nations of cardiac output were started. The respiratory exchange was determined over a period of 
3-9 min, the time depending upon the rate of filling of the bag. During the collection of the 
expired air, 20 sec recordings of the differential manometer tracings were taken. The first was 
started immediately after connecting the animal to the bag, the second when the bag seemed 
rather less than half full, and the last just before the bag was full. In some experiments an 
additional run was taken between the second and the last. In the first series of determinations the 
arterial and mixed venous blood samples were taken after the bag was disconnected as it was 
feared that the sudden removal of up to 10 ml. of blood from the major arteries might upset the 
metabolism determination. It was then recognized that the expiratory valve was incompetent, 
and that the animal was therefore becoming slowly hypercapnic and anoxic for as long as the bag 
sample was being collected. It was therefore decided in the second and third series to withdraw 
the blood samples just after the second flowmeter recording, that is, about half way through the 
metabolism determination ; this is discussed later. Immediately after the air collection period was 
over the contents of the bag were measured and sampled, the blood samples were placed in the 
blood gas apparatus and the analysis carried out. When this was complete, usually after about an 
hour, the procedure was repeated. From two to six determinations were done on each cat, 
depending on the state of the animal and the time available. In some experiments, despite 
vigorous respiratory movements, the pulmonary ventilation was small. This was usually due to 
some degree of pneumothorax, which was treated by aspiration of the pleural cavities. It was often 
accompanied by more or less marked arterial anoxaemia; this disappeared after the aspiration. 
On two occasions intravenous ‘dextran’ was administered. 

At post-mortem the position of the Pitot head was checked and the head itself examined to see 
whether any errors might have arisen from partial blockage of an orifice by clots. 


RESULTS 

) Comparison of the two methods 
A comparison of the results is presented in Table 2. There was always a steady 
fall in the oxygen consumption in successive determinations. This was usually 
accompanied by an increase of the arterio-venous difference so that the cardiac 
output also fell steadily with time, unless some complicating factor intervened 
(e.g. arterial anoxaemia, as in cat 8, second determination, or severe anaemic 
anoxia becoming worse because of haemorrhage and ‘dextran’ infusion, as in 
cat 10). This steady fall was apparent in both the Fick and the differential 
manometer results. 

The relationship between the cardiac output determination by the two 
methods is shown graphically in Fig. 1. Nearly all the points lie above a line 
inclined at 45° through the origin, so there must be some consistent factor 
which makes the flowmeter read high compared with the Fick test. The line of 
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TaBLE 2. Comparison of results given by the flowmeter and the Fick method 


Entries in brackets indicate that there was some uncertainty about one or more of the measure- 
ments. For cat no. 3, first determination, the arterial sample was lost and 90% saturation is an 
assumed value. For no. 4, second determination, the pulmonary ventilation was very small and 
the valves very incompetent. For no. 7, first and second determinations, there was a leak in the 
bag, so the figures for oxygen consumption have been multiplied by a likely conversion factor. 
During the fourth determinations on both nos, 8 and 9, air was leaking rapidly into the pleural 
cavity and had to be aspirated continuously; steady conditions were therefore unlikely in these 
two experiments. The figures have, however, been included in the mean values. 

inations on cat no. 2 have been excluded in calculating the mean values because clearly 


something was at fault causing gross errors. 


By Fick method By flowmeter 
Arterial Oy Cardiac Cardiac Discrepancy 
Seriesof Cat Weight rary or HbO, difference output output in output 
expts. no. (kg.) (ml/min.) (%) (vol. %) (ml./min.)(ml./min.) (%) 
1 1 3:3 20-4 99-5 5-1 398 345 - 16 
2-6 11:3 87-0 5:8 195 445 +128 
10-05 98-5 78 127 409 +222 
3 3-1 14-6 (90-0) (5-9) (247) 324 (+ 31) 
12-2 89-0 5-7 214 233 9 
4 2-9 14-5 83-0 7-2 202 
(7-7) (86-5) (8-6) (90) 97 (+ 8) 
5 41— 19-4 97-5 5-2 367 425 + 16 
17-4 95-5 5-6 310 329 + 6 
6 2:3 13-7 62-0 4:8 287 352 + 23 
Mean (excluding no. 2) 289 — 
2 7 3-3 (19-5) 92-0 4:9 (+ 17) 
(18-0) 95-0 58 (310) (+ 17) 
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13-9 71-0 6-3 221 213 4 
11-0 86-0 7-4 149 30° 
(10-8) (92-5) (8-2) (132) (194) (+ 47) 
Mean 222 
3 10 2-5 16-2 100-0 5-1 317 22 
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Overall mean 257 eee 
best fit through the origin has a slope of 1-16, corresponding to a consistent 
discrepancy between the two methods of about 15%. 


In computing the line of best fit (by the method of least squares), the 
results of the determinations on cat 2 have been omitted because they show 
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such a gross discrepancy that one can only suppose something went badly 
astray during this experiment. 

The standard deviation relative to the best line is 62 ml./min; if the distri- 
bution of points were Gaussian and there were enough of them to apply 
statistical reasoning, about 70% would be expected to lie near the line within 
this margin. In fact, the 70% zone lies closer to the line, at about 30 ml./min. 
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0 100 200 300 400 500 
: Heart output (ml./min) by Fick method 


Fig. 1. The relationship between cardiac output determinations by the flowmeter and direct 
Fick method. Points derived from measurements on the same cat are joined by thin lines; the 
line of best fit passing through the origin is the heavy broken one, while the full line corre- 
sponds to perfect agreement between the two methods. The open circle is the mean point for 
all determinations. The two remote points at the top have been excluded from calculations. 


One may conclude that there was fair agreement between the two methods, 
but that measurements with the flowmeter were consistently higher. There 
were, however, several serious discrepancies. In three out of thirty-one 
comparisons the difference was greater than 100% and in three more, greater 
than 40%. In some it was possible to suggest that certain parts of the 
determination might have been faulty; however, in others both sets of in- 
vestigators regarded their own measurements as being completely satisfactory 
from the technical point of view. In the section on methods the deficiencies of 
the respiratory valves were described. It would have been more satisfactory 
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to have had additional determinations in the third series when the valves were 
completely competent. However, reasons will be given later for discounting 
the incompetent valves as a major source of error. 


Right heart outputs obtained by the flowmeter alone 
In another nine animals the cardiac output per minute had previously been 
determined from one or more measurements using the flowmeter alone. These 


are presented in Table 3, together with the first determinations on the eleven 
animals used in the present series. 


TaBiE 3. Cardiac output results given by the flowmeter; average of twenty experiments 


Cardiac 
output/body Mean stroke 


Weight output weight Heart rate 
Mean 3-4 397 121 2-35 172 


8.D. +0-35 +110 +37 +0-63 +39 
Correlation with body weight 

Correlation of cardiac output with body weight tends to be obscured by 
various factors. These include variations in the degree of surgical shock, the 
extent to which any myocardial damage might have occurred during the 
operation, and the existence of varying degrees of hypercapnia, arterial 
anoxaemia and anaemia, with their possible effects on the cardiac output. In 
Fig. 2, only the first and second determinations after the completion of the 
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Fig. 2. The relationship between body weight and cardiac output. (a) and (5), first determina- 
tions after operation; (c) and (d), second determinations after operation. @, determina- 
tions least affected by known interfering factors; ©, determinations liable to have been 


affected by known interfering factors; x, determinations by the flowmeter alone during 
earlier experiments. | 
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operation have been plotted against body weight to exclude as far as taille 
the effects of deterioration of the animal’s condition. 

Contrary to expectations, there appears to be more evidence of correlation 
for the second determinations than for the first. It seems likely that the 
adverse effect of deterioration in the animals’ condition was less important 
than the recovery of the steady state with the passage of time. In view of the 
small numbers of points the statistical data have not been presented. 


DISCUSSION 


In the light of these results, both methods need — for possible 
explanations of the observed discrepancies. 
The direct Fick method has certain limitations. The oxygen consumption is 
determined over a considerable period of time, and the figure obtained should 
be quite reproducible. On the other hand, in human ‘subjects even under the 
best conditions there may be small variations from moment to moment in the 
arterio-venous difference because the blood samples are necessarily withdrawn 
over a comparatively short period (Cournand, 1945); Griffin, Wood & Essen 
(1951) have recently reported that in anaesthetized dogs the difference 
between paired samples withdrawn from the pulmonary artery may be con- 
siderably greater than these variations. We were using smaller animals, so the 
random error from this source might be even greater. Nevertheless, Seely, 
Nerlick & Gregg (1950), working on dogs, found a close correlation between the 
cardiac output measured simultaneously by the Fick method and by a physical 
method employing a rotameter. 
The most obvious criticisms of our Fick determinations are that the blood 
samples withdrawn were large compared with the total blood volume of the 
animal, and that the defective valves may have led to errors in both the 
oxygen consumption determinations and the arterio-venous differences found. 
The blood samples were both 1 ml. in volume and the pipettes held about 
1-5 ml. when filled to the upper mark. About 3 ml. of blood was allowed to 
escape from each cannula in order to wash out the dead space before the 
pipette was inserted. As a result, each determination involved a sudden 
blood loss of 6-10 ml., which represents an appreciable haemorrhage for a cat 
(25-4 of the total blood volume). This was why we withdrew the blood 
immediately after the other measurements were complete in the first series of 
experiments. For other reasons, to be discussed below, we changed the pro- 
cendure in the second and third series and sampled in the middle of the 
metabolism determination. If this sudden haemorrhage had affected the 
cardiac output it would have become apparent in the flowmeter tracings taken 
afterwards. In fact, no consistent change could be detected. This factor can 

therefore be excluded as a cause of the major discrepancies. 
PH, OXVIII. | 20 
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The effect of the incompetence of the respiratory valves is more complex. 
The long broad tube attached to the inspiratory valve rendered incom- 
petence here unimportant as it was constant throughout the experiment. 
Expiratory valve incompetence was seen to occur in some animals as the bag 
was obviously emptying slightly during inspiration, the valves were seen not 
to close completely and the r.Q. was low. This rebreathing was probably re- 
latively unimportant in animals whose pulmonary ventilation was fairly 
vigorous. In the later determinations on some of the animals, as the general 
condition deteriorated the pulmonary ventilation became more feeble and 
then the air rebreathed from the bag might have made up a considerable 
proportion of the total inspired volume. The effect of rebreathing on the 
figures for oxygen consumption should be small. In man, during rebreathing, 
the oxygen consumption is scarcely altered. This was confirmed for the cat 
during the third series of experiments, when completely competent valves were 
available. The oxygen consumption was determined once with the competent 
valve and immediately afterwards with another valve deliberately rendered 
incompetent. Considerable rebreathing was observed. The volume of expired 
air collected per minute was 20% lower in the second case, but the oxygen 
consumption was actually higher. Except in one or two cases when the cats 
were moribund, the rebreathing cannot have affected the oxygen consumption 
sufficiently to explain our major discrepancies. 

The effect of valve incompetence on the arterio-venous difference would be 
expected to be different in seriés 1 and 2. In the first case the blood was with- 
drawn after the collection of the bag sample, at a time when any air inspired 
through the expiratory valve would have been ordinary atmospheric air. The 
animal would have been recovering from a period during which it had re- 
breathed expired air, and perhaps had become somewhat anoxic. Both 
arterial and venous percentage saturations might therefore have been in- 
creasing, the arterial more rapidly than the venous. This would have tended to 
exaggerate the arterio-venous difference and the calculated cardiac output 
might therefore have been too low. In series 2 the reverse would be the case; 
the blood would have been withdrawn during the development of anoxaemia, 
and one would have expected the fall in venous saturation to have lagged 
slightly behind the arterial. This would have given an arterio-venous difference 
smaller than the real one, so the calculated outputs would have been too high. 
The discrepancies in the two series should therefore have been in opposite 
directions. This was not the case. It is also difficult to see how either type of 
error could have been as great as the largest discrepancies noted. At post- 
mortem we did not search systematically for vascular abnormalities and con- 
genital defects, but we can think of no such anomaly which would explain our 
results. 


We conclude that a combination of the circumstances discussed above 
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might account for a large part of the difference between the mean values for 
the two methods, but we are unable to think of any gross error in the Fick 
determination which would account for the six occasions on which the dis- 
crepancies were very large. 

Although the overall error of the flowmeter in control experiments was less 
than 5%, this may be regarded as an optimum performance because at least 
two adverse factors intervene when measuring pulmonary arterial flow. Even 
so, these are not thought sufficient to account for the few — discrepancies 
observed in the present series of experiments. 

The first factor to be considered is automatic drift seueel: This system is 
inherently dependent upon the occurrence of no sustained reverse flow, and it 
operates correctly only if the auxiliary manual control is properly set. Slight 
reverse flow makes this setting more difficult, so an experiment was carried out 
to determine the effect of various degrees of maladjustment. It was found that 
the ensuing flow measurements were not discrepant by more than 8% except 
when the setting was so incorrect as to produce an obvious deformation of the 
flow pattern. 

The second factor is the disposition of the cannula relative to the artery. In 
the initial stages of developing the instrument, the pressure calibration of the 
Pitot head was determined in situ after each experiment, and was found 
acceptably consistent. The pressure output was inappreciably affected by 
holding the cannula in somewhat abnormal attitudes. 

The errors attributable to exceptionally incorrect tuning adjustment and to 
deviation from standard of the in situ calibration might together at worst 
make a total of about 15%. Adding the 5% overall error of the instrument, 
gives a result still far less than the greatest discrepancies found between flow 
values determined by the Fick and by the flowmeter methods. In searching 
for a possible explanation of this, we re-investigated the pressure calibration 
of the cannula in situ. The conclusions of the earlier work were substantiated— 
the axis of the Pitot head could be misaligned with the incident portion of the 
artery by as much as an estimated 30° in any direction without appreciable 
effect on the pressure output—but it was discovered that pressing the cannula 
towards the valves could, if carried sufficiently far, give rise to a pressure out- 
put of about twice the normal. In these circumstances the artery became 
distorted with circumferential wrinkling. 

One might therefore speculate that the unsatisfactory results of some 
experiments were caused by the cannula being pushed towards the valves; 
once the chest is closed the state of affairs within is unknown and the closure 
itself might cause the displacement. Post-mortem inspection would not reveal 
this source of error, as the opening of the chest wall would itself correct the 
malpositioning of the cannula. 


The average value for cardiac output obtained with the ee - 


1 
q 


308 I. G. BAXTER, D. J. C. CUNNINGHAM AND J. W. PEARCE 


fairly well with previously reported figures for cats and rabbits (Table 4). The 
extreme variability of cardiac output figures in animals of similar weights 
subjected to the same experimental procedure has often been commented upon 
(Stewart, 1921; Marshall, 1925; Huggett, 1923; Fasold & Hartl, 1928). It 
seems that in our experiments the correlation with body —_— was probably 
as close as could be expected. 


TABLE 4. Figures from the literature fr cardiac oxtpt in eat and rabbit 


Cardiac output 
2 
Authors expts. Species ‘Method _— (kg) Average 
Knowlton Starling (1912) 3 Gat Taolated heart 4 37-138 100 
H 9 Cat Fick 3 or 324 
& Harth (1928) 11 Rabbit Flowmeter and Fick 310° 


Meier, Tripod & Wirz (1949) oA Rabbit Fick at 365 
Present series Cat 33 210-690 395 


include coronary flow, a correction arrived at by the authors concerned. 


SUMMARY 


1. The results of thirty-one cardiac output determinations in eleven 
anaesthetized cats, measured simultaneously with a flowmeter and by the 


direct Fick method, are reported. Another eleven determinations on nine cats ~ 


with the flowmeter alone are also presented. 

2. Fair agreement was found between the two methods in the omits of 
instances, but the flowmeter gave significantly higher values, the discrepancy 
being about 15%. 

3. In a few instances there were very large discrepancies for which there was 
no obvious explanation. 

4. Correlation between cardiac output and body weight was poor. 

5. The factors which might have been responsible for the systematic 


difference and also for the gross discrepancies are discussed. No final con- 


clusion as to their sources is reached. 


J.W.P. is indebted to Prof. E. G. T. Liddell for the generous laboratory facilities provided. We 
are grateful to Jean Banister, P. J. Phipps and T. J. Meadows for their valuable assistance. 
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THE VASODILATOR ACTIVITY OF SPINAL ROOTS 


By F. A. HOLTON anp PAMELA HOLTON* 
From the Molteno Institute and the Physiological Laboratory, 
University of Cambridge 


(Received 2 April 1952) 


In 1935, Dale suggested that the identification of the chemical transmitter 
responsible for antidromic vasodilatation would be a useful approach to the 
problem of sensory transmission in the central nervous system since it is likely 
that the transmitter is the same at both ends of the sensory neurone. One of 
the difficulties in searching for the transmitter at central sensory endings is the 
lack of a specific pharmacological test for it. However, if the transmitter is 
also responsible for antidromic vasodilatation, it should be possible to detect 
it by its vasodilator activity in those organs in which antidromic vasodilata- 
tion can be elicited. This approach was used by Hellauer & Umrath (1947, 
1948), who studied the effects of injecting extracts of dorsal and ventral roots 
_ into the rabbit’s ear. As a result of their experiments they claim that: 
(1) dorsal roots contain a vasodilator substance which is neither acetylcholine 
nor histamine; this substance is absent from ventral roots; (2) sensory denerva- 
tion increases the sensitivity of the rabbit’s ear to the substance; (3) the 
vasodilator substance is enzymically destroyed when incubated for 20 hr, the 
enzyme activity being greatest in dorsal roots and less in ventral roots and 
preganglionic sympathetic fibres; (4) the enzyme is inhibited by strychnine. 

They conclude that the vasodilator substance is the transmitter liberated 
at sensory nerve endings. 

Since this claim is of far-reaching significance for the theory of central 
synaptic transmission we have repeated and extended their experiments and 
were able to confirm some, but not all, of their results. In our view, the 
evidence now available is not sufficient to support the general conclusion of 
Hellauer & Umrath. 

METHODS 
Spinal root extracts 
Extracts were prepared from the spinal roots of horses which were dissected in the slaughter- house. 
The dissection was started about 25 min after the death of the animal and took 10 min for each 
horse. Starting at the last sacral segment, the ligamentum denticulatum was identified between 
* Beit Memorial Research Fellow. 
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the dorsal and ventral roots which were carefully separated between the spinal cord and the dura: 
In the horse, the dorsal root ganglia are extradural and so they were not included. As the dorsal 
and ventral roots were dissected they were dropped separately into cold saline or cold acetone. 
The dissection was continued up to the last lumbar segment. The coccygeal roots which are caudal 
to the sacral roots were sometimes also taken. If there was any doubt as to whether a root was 
dorsal or ventral, it was discarded. About 1 g each of dorsal and ventral roots was obtained from 
each horse. 

In one experiment spinal roots were also obtained from a cat immediately after it had been 
killed by removal of its heart under ether. 

Preparation and incubation of extracts of fresh tissue. The roots were dropped into saline to 
NaCl and 0:01% CaCl, in distilled water) in tared tubes surrounded by a freezing mixture 
a thermos flask. In order to ensure rapid cooling of the tissue, the tubes were removed from i 
freezing mixture to melt the saline shortly before each addition. At all other times the tubes were 
kept in the freezing mixture so that the contents were frozen solid. The composition of the saline 
was that used by Hellauer & Umrath but later experiments showed that 0-9% (w/v) NaCl was 
equally effective. On return to the laboratory, the tubes were weighed and then emptied into 
cooled mortars. The melting mass was ground with sand for exactly 5 min and saline was added 
so that the total weight was four times that of the tissue. A control sample was then taken and 
at once brought to the boil and boiled for 30 sec. The rest of the mixture was incubated in a bath 
at 38° C and samples were removed at various times and boiled. In some experiments the boiled 
samples were returned to the incubation bath until the last sample was removed. They were then 
stored at — 15° C. immediately before testing, the extracts were thawed and debris was removed 
by centrifuging. 

Preparation and extraction of acetone-dried powders. The roots from five horses (about 5 g fresh 

tissue) were dropped into 250 ml. acetone at - 15 to -5° C as they were dissected. After 1-3 hr 
they were withdrawn and transferred to 250 ml. acetone in a Waring Blendor while the machine 
was running. The Blendor was kept in the deep-freeze at - 15° C so that the temperature of its 
contents remained below 0° C. After 3 min the suspension was filtered at the pump. The white 
layer of fibres was separated from the brown sediment which stuck to the paper, and was broken 
up. The Blendor treatment followed by filtration was repeated twice, using 250 ml. fresh acetone 
each time and an 18-5 em filter-paper for the final filtration. The thin layer of short fibres was 
broken up and stored overnight over phosphorus pentoxide. The dry fragments were then ground 
to 4 fine powder in a mortar and stored in a desiccator. About 1 g of powder was obtained. 
Extracts were prepared when required by boiling a weighted amount of powder with saline or 
distilled water for 30 sec and centrifuging. The supernatant was used. 
- Ineubation of acetone-dried powder in saline. The powder was stirred with saline for exactly 
60 sec to make a suspension of 50 mg/ml. A control sample was then diluted to 20 mg/ml. and 
immediately boiled. The rest of the suspension was incubated in a bath at 38°C. At various 
times samples were diluted and boiled. In some experiments the samples were incubated again 
after boiling. At the end of the incubation period the samples were stored at —- 15° C. They were 
thawed and centrifuged to remove insoluble material before use. 

Dialysis. Boiled extracts of fresh roots and of acetone-dried powders were dialysed at room 
temperature for various periods against saline or distilled water. Each extract was divided into 
two parts, one of which was kept at room temperature as a control. The other was placed in a 
cellophane-tubing bag and dialysed with continuous stirring. At the end of the dialysis period, 
the treated and control samples were stored at - 15°C. In one experiment an aliquot of the 
dialysate was concentrated by freeze-drying. 

Heat treatment in neutral, acid and alkaline solution. 1 ml. samples of a boiled water extract of 
acetone-dried powder were heated at 100° C with 0-25 ml. x-HCl or N-KOH for 20 min. They were 
then cooled, brought to pH 7-3, and the volume was adjusted to 1-5 ml. A third portion of 1 ml. 
was heated similarly at neutral pH and a control sample was kept without heating. These samples 
were adjusted to the same concentration as the first two samples by addition of 0-25 m.mole NaCl 
and 0:5 ml. distilled water per ml. 
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The rabbit’s ear preparation 

The extracts were injected arterially into the rabbit’s ear. White rabbits (1-5-3 kg) with 
healthy white ears were used and the hair was removed from the ear with scissors. The rabbit was 
anaesthetized with urethane which was given intravenously until the flexor reflex disappeared. 
When necessary, more urethane was given during the experiment. A tracheal tube was inserted. 
The facial and auricular arteries on one side were isolated and all other branches of the common 
carotid were tied; the lingual artery was divided to give greater freedom of movement. The facial 
artery was cannulated with a needle cannula, care being taken to include in the ligature a small 
branch which is given off near the origin of the facial artery. In those experiments in which the 
cervical sympathetic and great auricular nerves had not been sectioned at an earlier date, they 
were cut and arranged in electrodes for stimulation when required. Heparin (1000 units/kg) was 
given intravenously every 3 hr. 

In some experiments the ear was sympathetically denervated by removal of the stellate and 
superior cervical ganglia in an operation at least 5 days before the experiment. In others, the 
greater part of the ear was also sensorily denervated by the additional removal of about 1 cm of 
the great auricular nerve. These rabbits were used 6-17 days after operation, and observations 
were confined to the region not supplied by the lesser auricular nerve (Feldberg, 1926). These 
operations were performed with strict aseptic precautions, using as anaesthetic sodium pento- 
barbitone (nembutal) given intravenously. Atropine (2-5 mg/kg) was given subcutaneously in 
case it was necessary to deepen the anaesthesia with ether. 

Measurement of vasodilatation. The photoelectric method of Holton & Perry (1951) was used to 
record changes in the light absorption due to changes in the amount of blood in the rabbit’s ear 
with its normal circulation. The recording apparatus was slightly modified by replacing the 50 kQ 
resistance used by Holton & Perry in series with the photocell by a 500 kQ potentiometer; this 
enabled us to vary the sensitivity of the apparatus to allow for the variable opacity of different 
ears. At the beginning of each experiment, when the ear was in position and the degree of dilata- 
tion was fairly steady, the potentiometer was set so that interpolation of a plain glass filter 
between the light and the rabbit’s ear produced a galvanometer deflexion of about 3 cm. Thus the 
records obtained in different experiments are approximately comparable. 

Assay, The solutions to be tested were injected in a volume of 0-1 ml. into the arterial cannula. 
The response to 0-1 ml. saline was first tested; it was usually negligible, but occasionally in early — 
experiments there was a large dilatation. This was attributed to insufficient cleaning of the needle 
cannula after previous experiments as it was eliminated by replacing the needle cannula. In later 
experiments this difficulty was avoided by boiling the needle in dilute detergent (Teepol) after use. 
Qualitative observations of the response to spinal root extracts were made using rabbits whose ear 
vessels were constricted or partly dilated. Quantitative comparisons of activity were always made 
on partly dilated vessels in rabbits which received atropine (2-5 mg/kg) and mepyramine 
(2-5 mg/kg) every 3hr. Under these conditions, the response was reproducible provided the 
following precautions were taken : (1) the volume injected and the speed of injection were constant; 
(2) the solution injected was not hypotonic to 0-65 % NaCl. Slightly hypertonic (up to 1-8% NaCl) 
saline had no effect but distilled water often caused a dilatation; (3) displacement of the carotid 
artery had to be avoided when opening the bulldog on the facial artery. For this purpose it was 
found useful to anchor the needle cannula by sewing it to a muscle and to manipulate it and the 
bulldog with artery forceps; (4) introduction of small bubbles of air had to be avoided since they 
caused a slow dilatation followed by failure of the circulation in the ear; (5) the depth of anaesthesia 
had to be kept as constant as possible. When the animal was too lightly anaesthetized the 
—" unsteady and when anaesthesia was too deep the response to injections was 

u 

It was usually possible to detect differences of the order of 50%. In some experiments a 
regression line was plotted giving the relationship between the height or the area of the response 
and the logarithm of the dose of a standard preparation. Injections of test samples were inter- 
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posed between those of standard. The activity of a test sample could then be determined using the 
dose-response relationship. In other preparations, however, changes in sensitivity were rapid‘and 
the limits of activity of a test extract were determined by direct comparison. 


RESULTS 


Boiled saline extracts of fresh dorsal and ventral roots cause vasodilatation 
when injected arterially into the rabbit’s ear. In order to obtain active 
extracts from ventral roots it was found necessary to grind the frozen roots 
quickly whilst thawing and to boil the extract at once. 
If these extracts were kept at room temperature for 
several minutes without boiling, the ventral roots lost 
their vasodilator activity. The precautions were not 
essential for dorsal root extracts which did not lose 
their activity so quickiy. This different behaviour of 
the extracts, which is discussed more fully below, is 
probably the reason for the greater activity found in 
dorsal root extracts which were usually about three 
times as active as the ventral root extracts. A vaso- 
dilator effect can also be obtained with extracts from 
acetone-dried powder of the roots. In sensitive prepara- , 


tions of the rabbit’s ear an effect could be obtained 
with extract from 50ug acetone-dried powder, corre- 
sponding to about 250ug of fresh tissue. When the pp yp 
activities of powders prepared from dorsal and ventral 125 250 250 
roots were compared there was usually no difference in 
the amounts required to produce about the same vaso- 
dilatation. In one experiment, however, dorsal root rabbit’s ear vessels in 
powder was about 50% more active than ventral root —_ response to arterial in- 
powder; this is illustrated in Fig. 1. 

The duration of the vasodilator effect produced by 


root extracts depended not only on the amount of extract 
injected, but also on the vasomotor tone in the larger 
vessels of the rabbit’s ear. Increased vasoconstrictor 
tone and reduced blood supply prolonged the vasodilator 
effect. In some such preparations the vasodilatation 
lasted for periods up to 20 min but when the vessels 


were partly dilated and well supplied with blood, the dilatation in response to 


even @ large dose lasted for about 1-3 min only. 


activity from 125 and 
250ug  acetone-dried 
powder of dorsal roots 
(DP) and 250 yg acetone 
dried powder of ventral 
roots (VP). 


We used three different types of preparation for testing the extracts. The 


tabbit’s ear was either (1) acutely denervated by cutting the sympathetic 
and sensory nerves at the. beginning of the experiment, or (2) chronically 
denervated by previous removal of both sympathetic and sensory supply, 
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or (3) chronically sympathectomized and acutely sensorily denervated. It was 
found impossible to use ears with intact innervation because of the constant 
fluctuations in the tone of the blood vessels. In the acutely denervated ear the 
blood flow was usually fast, and the response to injected extracts and to 
antidromic stimulation was then quickly over. This type of antidromic vaso- 
dilatation is in contrast to the prolonged response reported by Holton & Perry 
(1951) who used only chronically sympathectomized ears. Such preparations 
usually have a relatively poor blood supply and, in our experiments also, the 


(a) 


Fig. 2. Records from two experiments showing the comparison of antidromic vasodilatation in 
response to three shocks (3.9) and five shocks (58) and arterial injection of fresh dorsal root 
extract (D) from 10 and 25 mg of tissue. (a) was obtained with a rabbit’s ear which was 
acutely denervated. The blood vessels were dilated. In (b) the ear was chronically sympath- 
ectomized and the vessels were constricted. Time in min. 


response to antidromic stimulation like that to injected extract was then 
prolonged. Fig. 2 illustrates the different types of response in acutely de- 
nervated and chronically sympathectomized preparations. In both experi- 
ments the responses to injected extract and to antidromic stimulation were 
_ similar, When both sympathetic and sensory nerves had degenerated the 

vessels usually became very constricted and the response was correspondingly 
prolonged. It is important to emphasize that the duration of the reponse 
depended primarily on the blood flow and we have no evidence that it was 
directly dependent on the nerve supply of the ear. | 

In ears in which the vasodilatation was short-lasting it differed little from 
that produced by other vasodilator substances. In preparations with reduced 
blood supply which responded with prolonged dilatation to root extracts, all 
other substances tested, except potassium chloride, produced a relatively short 
effect. This is illustrated in Fig. 3 by records from two experiments. The first 
experiment shows the quick response to adenosine and the slow response to 
toot extract in a chronically totally denervated preparation; the responses to 
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Fig. 3. (a) Response of a chronically totally denervated ear with constricted blood vessels to 
arterial injection of extract of 5 mg acetone-dried powder of ventral roots (VP), 10yug 
adenosine (Ad.), 1 mg substance P and 10 ug bradykinin (B). Time in min. (6) Responses of 
an acutely denervated ear with constricted blood vessels to arterial injection of 1 mug 
acetylcholine, saline (0-9% NaCl), 0-1 ug histamine (H), extract of 10 mg fresh ventral roots 
(V), 1 and 10 mg KCl. 2-5 mg atropine were given intravenously where indicated and at 48, 
antidromic vasodilatation (preceded by a brief sympathetic constriction) in response to four 
shocks was recorded. Time in min. 


substance P and bradykinin are intermediate. In the second experiment the 
responses to acetylcholine and histamine are contrasted with responses tc root 
extract, antidromic stimulation and potassium chloride in an acutely de- 
nervated rabbit’s ear which was exceptional in that its vessels were fairly 
constricted. 
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The vasodilator effect of root extracts was usually not affected by either 
atropine or mepyramine given arterially or intravenously in doses which 
abolished equally strong dilatation produced by acetylcholine or histamine 
respectively (Figs. 3, 4). In some experiments, however, the response was 
slightly decreased or increased. 

In Figs. 2-4 the responses to the four different types of extract (from fresh 
dorsal, D, fresh ventral, V, acetone-dried dorsal, DP, and acetone-dried 
ventral, VP, roots) are illustrated. Although the shape of the response differs 
in different experiments, it is clear that the characteristic prolonged dilatation 
may be obtained with botn dorsal and ventral root extracts whether they are 
prepared from fresh tissue or acetone-dried powders. 


_ Fig. 4. Responses of a chronically sympathectomized ear to 1 ug histamine, saline and extract of 


5 mg dorsal root acetone-dried powder (DP). 2:5 mg mepyramine was given intravenously 
where indicated (Mep.) and at A the speed of the camera was decreased. Time in min 
throughout. 


__ Properties of the vasodilator substance. Extracts heated at 100° C for 20 min 
at pH 7-3 retained their activity. Similar treatment at pH 1 reduced the 
activity by about 90% and at pH 13 by about 80%. Identical results were 
obtained with extracts of dorsal and of ventral roots and are illustrated in 
Fig. 5. The vasodilator substance is thus heat stable, but is destroyed by hot 
acid and by hot alkali. 

Dialysis. The extracts became almost inactive after 24 hr dialysis. In one 
experiment 75% of the total activity was lost after 6 hr dialysis against water. 
It was possible to recover 40% of the total activity from the dialysate after 
concentration by freeze-drying. It is concluded that the vasodilator substance 


passes through cellophane. 
Incubation experiments 
Acetone-dried powders. During 30 min incubation at 38°C, suspensions of 
acetone-dried powders of dorsal and ventral roots in saline lost almost all 
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Fig. 5. Assay of vasodilator activity of acetone-dried powder extracts of dorsal (DP) and ventral 
roots (VP) after heating at 100° C for 20 min in neutral (N), acid (Ac.) and alkaline (Alk.) 
sample (C7). Doses in yg of acetone-dried powder. Time 
in min. 


Ww 2mgO2mg2mg 
30 (0 30min 


2mg 06mg 
5 0 0 5 min 

Fig. 6. Assay of oo activity in pe NE powder of dorsal roots after incubation 
for 5 and 30 min in terms of the unincubated control (0 min). Time in min. 


activity. The loss is probably due to enzymic destruction of the dilator 
substance because it did not occur when the suspensions were boiled before 
incubation. An assay from a typical experiment is shown in Fig. 6. The 
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response to the sample incubated for 30 min was less than a tenth of the 
response of the control sample (0 min); the 5 min sample had between 30 and 
60% of the activity of the control sample. In this experiment, the area of 
response was linearly related to the logarithm of the dose, and so more exact 
determination of the activity of the test extracts was possible. From the 
regression line the activities of samples incubated for 5, 15 and 30 min were 
50, 20 and 6% respectively of the control. The results of incubating acetone- 
dried powders in saline are summarized in Table 1. In each experiment the 
activity of the control sample was taken as 100%, but the activities of the 
different control samples were not necessarily equal. The results show that the 
rate of disappearance of vasodilator activity is the same in suspensions of 
acetone-dried powders of dorsal and ventral roots. | : 


TaBE 1. Activity of acetone-dried powders after incubation in saline. 


Expt. 1 Expt, 2 Expt. 3 Expt. 4 Expt. 5 

(min) DP VP DP VP DP VP VP DP VP 
0 100 ~=—s:100 100 100 100 100 100 100 

5 50 73 50 50 
15 20 20 37 25 15 
30 6 7 <10 <10 
90 <10 <10 <l <l — 


In a few experiments an attempt was made to see if there was a relation 
between destruction of the vasodilator substance and production of acid or 
uptake of oxygen. For that purpose, suspensions of acetone-dried powder 
were incubated anaerobically in bicarbonate-CO, buffer in Warburg mano- 
meters, and boiled extracts were tipped in from the side bulb. The pressure 
change was compared with that in a control flask in which the main flask 
contained boiled suspensions of acetone-dried powder. Another pair of flasks 
contained suspensions of acetone-dried powder (boiled and unboiled) in 
phosphate buffer and incubation proceeded in air. There was no difference in 
the CO, production or the O, uptake, which was negligible in all flasks, 
although the extracts in the control flasks which contained boiled enzyme had 
retained their vasodilator activity, whereas it was lost in the others. How- 
ever, a measurable pressure change would have occurred only if the vasodilator 
substance were present in a concentration of at least 8 umole/g of fresh tissue. 
This is 80 times the concentration of acetylcholine in ventral roots (MacIntosh, 
1941). Thus either the enzymic destruction is not accompanied by acid 
production or by an aerobic oxidation, or the nerves contain less than 8 umole 
of dilator substance per g. The second alternative is a reasonable hypothesis. 
It implies that the dilator responses obtained with extract from 50 pg of 
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acetone-dried powder are due to less than 0-002 umole of the dilator substance. 
Its activity would then be comparable with that of histamine which produces 
vasodilatation in doses of 0-1-1-0g (0-0002-0-002 umole). 

It was also found that the enzyme was absent from the supernatant of 
acetone-dried powder suspensions, which retained its activity during 3 hr 
incubation. Nor did dialysis of the suspension affect the enzymic activity 
which remained inside the cellophane bag. 


TaBLE 2. The effect of strychnine on the ¢ destruction of vasodilator activity 
: in acetone-dried powders 


Expt.1.DP Expt. 2. DP | Expt. 3. VP 
Conen. of 0 1/5000 0 1/2500 0 10-*m 10-*m 10-*u 
strychnine c. 1/20000 c. 1/2000 c. 1/200 
Period of 90 90 30 30 30 30 30 30 
incubation 
(min) 
Activity <i <20 <20 12 12 40 50 
remaining (%) 


In three experiments strychnine was added to the saline in which the 
acetone-dried powder was suspended and incubation carried out in the usual 
way. The results are shown in Table 2, where it can be seen that strychnine 
concentrations of less than 10-*m (c. 1/2000) had no 
detectable effect on the loss of activity. Higher con- 
centrations, however, caused some inhibition of the 
enzymic destruction. Addition of strychnine to the 
extract did not potentiate the vasodilator response 
of the rabbit’s ear as is shown in Fig. 7. 

Fresh tissue. When fresh dorsal and ventral roots 
were incubated in saline a difference in behaviour was 
observed. Dorsal root extracts did not lose much 
activity in 2-3 hr incubation, whereas ventral roots lost 
activity almost as quickly as the acetone-dried powder S 
suspensions. This difference is illustrated in Fig. 8, 
where it can be seen that there was no detectable loss i = iJ 28 
in activity of dorsal root extracts incubated for 15, 30 Mis 7. esponses to ex- 
and 120 min. The ventral root extract, on the other aa ait pera 
hand, had lost 50-67 % of activity in 15 minincubation. roots. The second ex- 
The results of three such experiments are shown in 
Table 3. The contrast between fresh tissue and acetone- 
dried powder suspensions is illustrated in Fig. 9 where the percentage 
activity has been plotted against the period of incubation for the four different 


preparations. 
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TaBLe 3. Activity of saline extracts of fresh spinal roots after incubation 


Period of Expt. 1 _ Expt. 2 Expt. 3 
(min) D V D V D V 

0 100 100 100 100 100 100 

15 10 40 100 40 
30 100 — _— — 100 15 
60 100 —_ 75 <10 100 <10 
120 50 100 <10 


7 
120min Omin 15min 30min 


mg 3 mg mg 


mg 12-6 12 412 12 1212 § 
15 0 15 0 15 300 6 min 


Fig. 8. Assay of fresh dorsal (top record) and ventral (bottom record) roots after incubation for 
various times. Doses are in weights of fresh tissue. The top record shows responses to extract 
of 12 mg dorsal roots incubated for 120 min, unincubated, incubated for 15 and 30 min 
respectively. At 8 saline was injected. The following four responses show that 3 mg of the 
dorsal roots incubated for 120 min contained more activity than 2:6 mg of the unincubated 
dorsal roots. The bottom record shows that 12mg of the ventral roots incubated for 
15 min had less activity than 6 mg and more than 4 mg of the unincubated ventral roots. 
12 mg incubated for 30 min and 60 min correspond to 1-2 mg unincubated (0 min) and saline 


‘ 
4 ‘ 
oa 
se 
V 
ai, 
4 
* 
tively. 
respectively, 


VASODILATOR ACTIVITY OF SPINAL ROOTS 321 


0 2 

Incubation period (hr) 

Fig. 9. The loss of vasodilator activity on incubation of suspensions of acetone-dried powders 
and of fresh tissue showing the contrast between fresh dorsal roots and fresh ventral roots and 
acetone-dried powder suspensions. Ordinates: the vasodilator activity expressed as a per- 
centage of the original activity. The original activities of the various preparations are not 
necessarily equal. 

DISCUSSION 


Our experiments were started on the assumption that sensory nerve fibres 
transmit their impulses to the nerve cells in the central nervous system by 
liberation of a chemical substance. By analogy with cholinergic and adrenergic 
neurones, sensory neurones would be expected to contain such a transmitter 
not only at their endings but along their whole course. Hellauer & Umrath 
(1947, 1948) detected a vasodilator substance of unknown nature in extracts 
of dorsal roots and claimed it to be the transmitter of sensory nerve fibres and 
responsible for antidromic vasodilatation as well as for the central synaptic 
transmission of these fibres. We have been able to confirm the presence in 
sensory root extracts of a vasodilator substance which is not identical with the 
known vasodilator substances. In this respect our findings agree with those of 
Hellauer & Umrath who, however, found in addition that extracts of ventral 
roots contain no vasodilator substance apart from acetylcholine. Their extracts 
were all prepared by saline extraction of fresh roots. With this method we, 
too, could obtain negative results with ventral roots if the extracts were 
prepared at room temperature. But if care was taken to keep the tissue at 
PH. CXVIII. 21 
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0° C or less, and to boil the extracts without delay, they contained a vaso- 
dilator substance like that in dorsal root extracts although in smaller quantities. 
These results alone would suggest that a vasodilator substance is present in 
both dorsal and ventral roots but in different concentrations. However, 
extracts from acetone-dried powders were found to have almost the same 
activity whether they were prepared from dorsal or ventral roots. It appears 
unlikely that the vasodilator activity of the fresh and acetone-dried extracts 
is due to different substances. We therefore conclude that some destruction 
occurred during the preparation of the extracts of fresh ventral roots in spite 
of our precautions. : | 
Another difference in procedure which may account for part of the difference 
in our observations is that Hellauer & Umrath used spinal roots from cattle, 
and our material was obtained mostly from horses. We have, however, shown 
that the vasodilator activity of ventral roots is not a peculiarity of horses as 
we obtained equally good results with extracts prepared from the spinal roots 
of a cat. 
The vasodilator substance in spinal roots is still unidentified. The slowness of 
the response obtained when the extracts are injected into rabbit’s ear prepara- 
tions with a poor blood supply suggests that the substance is not identical with 
the other vasodilators tested, namely, acetylcholine, histamine, adenosine, 
substance P and bradykinin. Acetylcholine and histamine are also ruled out 
by the fact that root extracts are still effective after full doses of atropine and 
mepyramine. The chemical properties of the dilator substance also enable it to 
be distinguished from various other preparations: substance P (Gaddum & 
Schild, 1934), and the brain preparation of Major, Nanninga & Weber (1932) 
are soluble in acetone; kallikrein (Kraut, Frey & Werle, 1933; Werle, 1936) is 
heat labile; adenosine and its derivatives (Bennet & Drury, 1931) are resistant 
to boiling in alkaline solution; bradykinin is resistant to boiling in acid (Rocha 
e Silva, Beraldo & Rosenfeld, 1949); and necrosin (Menkin, 1943) is not 
dialysable. 
The character of the vasodilator response to the injection of a particular 
substance yields information on the site of action of the substance. The method 
used in our experiments to record dilatation measures changes in the total 
amount of blood in that part of the ear under observation which, as Krogh 
(1929) pointed out, is primarily dependent on capillary dilatation and con- 
striction. The method does not measure changes in the velocity of blood flow 
and hence is relatively insensitive to arteriolar dilatation. 

A substance that dilates the larger vessels as well as the capillaries and opens 
arteriovenous anastomoses will elicit a quick response. The major part of it 
will be swept away rapidly by the large vessel system, and the response will 
last only so long as it takes for the remainder of the injected substance to work 
through the capillary bed. | 
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A substance that dilates only capillaries will produce a long-lasting response. 
The whole of the injected vasodilator must work through the capillary bed 
before the response is over. Moreover, the response will be delayed until the 
substance reaches the capillaries. However, should the arteriovenous anasto- 


moses be open and the larger vessels be dilated before its injection, the response 


to it will be a quick one similar to that of a substance which dilates the larger 
vessels. 

These differences in the speed and duration of the response have been ob- 
served clearly in experiments comparing known vasodilators and spinal root 


extracts. The effect of histamine on the vessels of the rabbit’s ear is not a 


simple one and so it does not lend itself to such a comparison. Adenosine, 
however, which dilates large vessels (Bennet & Drury, 1931) produced a quick 
response in our experiments whether the ear vessels were previously dilated or 
not (Fig. 3). Acetylcholine also acts on the larger blood vessels (Krogh, 1929; 
Dale & Richards, 1918), and is in addition destroyed in the blood so that there 
are two factors responsible for its transient effect. The action of spinal root 


_ extracts is quite different. In preparations with a slow blood flow (arterio- 


venous anastomoses closed, large vessels constricted) a prolonged response was 
obtained (lasting up to 20 min) and a marked latency was sometimes observed 
(e.g. more than 2 min delay in Fig. 4). In preparations with a good blood 
supply (central artery dilated, arteriovenous anastomoses open) the — 
was not delayed and was quickly over. 

It thus seems likely that the vasodilator substance of spinal root extracts is 
a capillary dilator but has little action on the larger vessels and the arterio- 
venous anastomoses. Its prolonged effects suggest that it is not rapidly 
destroyed in the blood. In these properties it resembles the transmitter 
responsible for antidromic vasodilatation. 

Hellauer & Umrath also concluded that their dorsal root extract acted 
mainly on the capillaries since they could observe no effect on vessels visible 
to the naked eye and found that the dilator effect was antagonized by 
posterior pituitary extract, which is held to be a capillary constrictor (Krogh, 
1929). 

In support of their hypothesis that the dilator substance is the sensory 
transmitter, Hellauer & Umrath stressed that its effect was increased after 
denervation. They found that after degeneration of the great auricular nerve, 
the response to dorsal root extract was prolonged, whereas the responses to 


_ acetylcholine and histamine were diminished. So far, we have been unable to 


find any direct effect of sensory denervation on the effect of root extract or other 
substances. In our experiments the sensitivity of different rabbits to spinal 
root extracts varied considerably, but the amounts required to produce the same 
dilator effect were not consistently smaller in ears in which the sensory nerves 
had degenerated than in acutely denervated or chronically sympathectomized 
21—2 
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preparations. In our experience, the main factor affecting the duration of the 
response was the blood flow through the ear. Usually, acutely denervated ears 
are well supplied with blood and the response to injected extract is quick, but 
if the blood vessels of such an ear are exceptionally constricted as in the ex- 
periment illustrated in Fig. 3, the dilator response is prolonged. Conversely, 
chronically denervated ears (sympathetic or total denervation) generally have — 
constricted vessels and prolonged dilator responses; occasionally, however, the 
blood flow is unusually good, and in this condition the responses to root 
extracts are short lasting. Since so may factors are changed when the rabbit’s 
ear is denervated, further investigation of the possible sensitizing effect is 
desirable before the significance of these results of Hellauer & Umrath can be 
assessed. 

Hellauer & Umrath reported that saline extracts of spinal roots contain an 
enzyme which destroys the dilator substance and that extracts of dorsal roots 
had rather more destroying activity than those of ventral roots (Umrath & 
Hellauer, 1948). Our findings with fresh roots were entirely different, Under 
our experimental conditions (incubation of concentrated extracts for }-2 hr) 
ventral roots had a very much greater power of destroying the vasodilator 
substance than dorsal roots; Umrath & Hellauer, on the other hand, used 
dilute extracts which were incubated for periods of up to 20 hr. It is therefore 
not surprising that our results differ from theirs. In spite of this discrepancy, 
we are able to support the claim that the vasodilator substance is enzymically 
destroyed. If we assume (1) that the active substance is identical whether it is 
extracted from fresh or acetone-dried tissue, and (2) that the loss of activity on 
incubation of acetone-dried powder suspensions and of fresh ventral root 
extracts is due to the same enzyme, we may conclude that dorsal and ventral 
roots contain the destroying enzyme, as well as the dilator substance, in 
similar amounts. In fact, the only difference we have detected between dorsal 
and ventral roots is in the behaviour of the fresh tissue on incubation. Extracts 
of fresh dorsal roots maintain their vasodilator activity, whereas those of fresh 
ventral roots lose activity rapidly like acetone-dried powder suspensions. Our 
findings suggest that acetone drying has no appreciable effect on ventral roots 
but profoundly modifies the enzymic properties of dorsal roots. There are 
several possible interpretations of this result. Dorsal roots clearly contain the 
destroying enzyme but in fresh tissue there seems to be some factor which is 
absent from ventral roots and which prevents or masks the destruction. One 
possibility is that dorsal roots contain an acetone-soluble inhibitor of the 
destroying enzyme. Another is that the structure of dorsal roots prevents 
access of the destroying enzyme to the dilator substance, even after mashing 
the tissue. A third possibility is that dorsal roots contain a synthesizing 
system capable of keeping pace with the destruction during the first 2 hr of 
incubation. It is likely that such a system would be deranged by acetone, and 
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also that it would cease to operate during a protracted incubation. Whatever 
the explanation of this phenomenon may be, there is a clear biochemical 
distinction between dorsal and ventral roots. Its significance in relation to the 
problem of transmission at sensory nerve endings cannot be assessed without 
further information. 

In the papers of Hellauer & Umrath, the analogy between the proposed 
mode of sensory transmission and cholinergic transmission was carried a stage 
further by the introduction of strychnine in the role of eserine. This view was 
supported by their finding that not only did strychnine potentiate the vaso- 
dilator effect of injected extract but it also inhibited the destroying enzyme in 
concentrations as low as 1: 60,000 (c. 3x 10-5). In the different conditions of 
incubation that we used, inhibition of enzymic destruction was detectable only 
in much higher concentrations (10-*m) of strychnine. Although these observa- 
tions on strychnine inhibition are not extensive, when they are combined with 
the result that strychnine had no potentiating effect in the rabbit’s ear either 
on injected root extract (Fig. 7) or on antidromic vasodilatation (Holton & 
Perry, 1951), they are sufficient to prevent our acceptance of the hypothesis of 
Hellauer & Umrath. These workers explained the action of strychnine on the 
spinal cord by supposing that it prevented the destruction of the transmitter 
liberated at sensory nerve endings. A more commonly accepted view is that 
strychnine acts mainly on internuncial neurones (Dusser de Barenne, 1933; 
Naess, 1950; Kaada, 1950) and does not potentiate synaptic transmission 
(see Bremer, 1941, for a full discussion). The recent evidence of Bernhard, 
Taverner & Widén (1951), that strychnine potentiates monosynaptic reflexes, 
does not alter this hypothesis since they state that ‘it cannot be decided 
whether the action of the drug is restricted to the neurones included in the 
reflex arc or whether it acts on neurone structures in parallel with the afferent 
neurones which influence the excitability of the motor neurones’. It thus 
seems unnecessary to postulate a specific action of strychnine at the endings 
of the dorsal root fibres, and our failure to confirm the findings of Hellauer & 
Umrath is irrelevant to the problem of sensory transmission. 

It is not yet possible to judge whether the vasodilator substance in spinal 
roots is the antidromic transmitter. In favour of the hypothesis, there is 
a remarkable similarity between the responses of the rabbit’s ear to anti- 
dromic stimulation and to arterial injection of the extracts. Against it, how- 
ever, is the fact that ventral roots contain almost as much dilator substance 
as dorsal roots which would be unlikely if the substance were released only 
at sensory nerve endings. The enzymic differences between dorsal and ventral 
roots neither support nor oppose the hypothesis. 
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SUMMARY | 


1. An unidentified vasodilator substance is present in extracts of dorsal and 
ventral roots. The observation of Hellauer & Umrath that wa substance is 
confined to dorsal roots is not confirmed. 

2. The substance is present in acetone-dried powders, is heat stable at pH7 
and dialysable. It is destroyed by boiling with mineral acid or alkali. 

3. Acetone-dried powders of both dorsal and ventral roots lose activity 
enzymically when incubated in saline. 

4. Fresh dorsal roots retain their activity when mashed and incubated in 
saline, unlike fresh ventral roots which lose activity as rapidly as acetone-dried 

wders. 
| 6 The hypothesis that the dilator substance is the sensory transmitter is 
discussed, and it is concluded that there is insufficient evidence to decide its 
truth. 
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THE VELOCITY OF BLOOD FLOW IN THE RABBIT 


AORTA STUDIED WITH HIGH-SPEED CINEMATOGRAPHY : 


By D. A. McDONALD : 
From the Department of Physiology, St Bartholomew’s Hospital 
Medical College, London, E.C. 1 


(Received 16 April 1952) 


In comparison with other aspects of the circulation there have been few studies 
of the velocity of arterial flow. Pioneer work in recording the phasic changes 
of flow was done by Chauveau & Lortet (1860) who measured the velocity of 
flow in the horse’s carotid and femoral arteries with their haemodromograph. 
Most studies have, however, been made with modifications of the standard 
water flowmeters, the Venturi tube, Pitot tubes or the orifice meter. The most 
thorough investigation of these was that of Shipley, Gregg & Schroeder (1943) 
with the orifice meter which was used to study the flow in the femoral, carotid, 
renal, superior mesenteric and hepatic arteries of dogs. 

Cinematography has been used relatively little in the study of blood-flow. 
Films of capillary flow have been made and Laszt (1949) has used them as 
a method of measuring velocity of blood flow. Indirect methods using photo- 
graphic materials have also been devised by Anrep, Davis & Volhard (1931) 
who recorded the movements of mercury droplets in a coronary flowmeter, 
and by Hugues (1951) who has used a modified camera for studying flow in 
mesenteric vessels. In large vessels Timm (1947) has made slow-motion 
cinematograph films by indirect radiography of oil droplets passing down the 
aorta. The speed of filming was limited to 96 frames/sec owing to the design 
of the camera and the limit to the amount of illumination available from a 
fluorescent screen activated by X-rays. Important though this contribution 
is, a much faster rate of filming is required to analyse phasic flow of a velocity 
as high as that found in the aorta. 

Potter & McDonald (1950) recorded the velocity of flow in the basilar artery 
by filming the passage of oil-globules at rates of 3000 and 1500 frames/sec. 
The present work exploits the same technique and has extended its use from 
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smal] translucent arteries, such as the basilar, to the aorta of the rabbit. 
New measurements of the velocity of flow and further observations on the 
existence of a back-flow phase in this artery, with its variations, are recorded. 


METHODS 

Preparation | 
The region of the aorta exposed in this study was that distal to the renal arteries. The animal was 
placed on its left side after being anaesthetized (pentobarbitone (nembutal) 40 mg/kg i.v. fol- 
lowed by inhalation of ether in minimal quantities, or urethane 2 g/kg intraperitoneally). The 
aorta was exposed retroperitoneally by a flank incision and the wound kept open by self-retaining 
retractors. The field of view was 2-5 or 5 cm according to the magnification required. The left 
renal artery was cannulated for injection by a polythene tube (int. diam. 0-5 mm), The aorta was 
then dissected clear of all adventitia with the aid of low-power magnification and was allowed to 
dry on its exposed aspect as this improved its translucency. The surrounding tissues were kept 
moist with swabs wrung out in warm Ringer’s solution. 

In early experiments, inserts of polythene tube (‘Sterivac’; int. diam. 3 mm) were put in the 
aorta in the region to be studied but it was found that, with care, the intact aorta could be 
rendered as translucent as the polythene so that the cannulation procedure was abandoned. All 
results reported are with intact arteries. 

eee Photographic equipment 

Camera, The camera used was the Eastman Kodak Type 3, 16 mm high-speed camera. This 
operates by running the film continuously while the shutter system consists of a revolving 
rectangular block of glass working between two metal shields. (This type of camera gives the 
highest taking speeds, up to 4000 frames/sec, that allow subsequent projection of a moving picture 
(Chesterman, 1951)). In the present work 1500 frames/sec was found to be adequate, and the 
slower speed allows a longer time of study of the flow (a little over 1-5 sec is then available at 
full camera speed on a 100 ft. spool of film). An electrically maintained’ 500 d.v. tuning fork 
operated a mechanism that marked the border of the film every millisecond. For close focusing 
a field lens (Goerz Dagor 168 mm f. 6-8 double anastigmat) was mounted in front of the camera 
lens in preference to using extension tubes. The camera was mounted in the vertical position on 
a stand made from a lathe bed which allowed tilting and lateral movements. 

Film. The film used was Kodak 16 mm Super XX positive reversal film and, in a few cases, 
Kodachrome A. 

Light source, The lamp was a Mazda MEC/U compact source mercury/cadmium high pressure 
arc in a quartz bulb. This was continuously rated at 1 kW and it could be overrun for short pulses 
by the Mole-Richardson Cine-Flash apparatus. This equipment was used at settings of 3 or 5 kW 
but could be used at 10 kW if desired. Chance ON 20 heat filters were used throughout the setting- 
up period but were withdrawn for the brief period required for the exposure of the film. The arc 


had a 9% emission of red due to the cadmium in it; for all the films using blue dye a Wratten no. 23 


red filter was used, and this provided satisfactory contrast between the blood, which appeared 
white, and the dye which was nearly black. Photography with red light also showed better 
penetration of the arterial wall and the blood, which itself is markedly opaque, than did white 
light. This was demonstrated in preliminary tests using polythene tubes of varying thicknesses. 

The definition of the image of the injected substances was often of such poor quality as to make 
analysis of the results difficult. This poor resolution appears to be due almost entirely to the 
diffusion effect of the artery and its contained blood. The individual frame exposure is about 
130 ysec which at the maximum flow velocity observed (75 cm/sec) with an object : image ratio 
of 3:1 would represent an image movement in the film frame of 30-0 ». The image resolution 
will rarely be better than 50 
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The maximum flow is only sustained for a few seconds in the film and, in practice, it is then most 
easy to follow a bubble because of its movement; in periods of little or no movement it is most 
difficult to distinguish. No errors due to visual focusing could be detected. The visual diffusion 
due to the optical properties of the arterial wall thus becomes the critical determining factor in 
the application of the method. 

Injections : 

The injection material used was either air or dark blue dye (Evans’s blue, T-1824, 5% in 
isotonic saline). For velocity measurements an object moving in the blood-stream with sharp 
boundaries is desirable. Many substances of a nature quite different to that of blood were tried 
but a bubble of air is the most easily photographed of all. It was injected by means of a 1 mi. 
glass syringe in which the plunger was advanced by a micrometer screw (*Agla’ micrometer 
syringe). Usually about 0-1-0-2 ml. of air was injected during the run of the film (1-5 sec). The 
condition of the animal was watched carefully for signs of air embolism. The bubbles formed were 
usualiy spheres almost or completely filling the lumen of the artery. Attempts to make smaller 
bubbles by using finer tubing were of no avail as the small bubbles coalesce during the diastolic 
period when the flow is stationary. Other materials, notably globules of oil in emulsion (as used 
by Potter & McDonald, 1950), and glass beads (ballotini) of sizes up to 0-1 mm were used but 
were invisible in the aorta. 

Dye which mixes intimately with the blood is in some ways preferable, and was used in the 
later experiments after the technical difficulties had been overcome. Injection was made by a 1 ml. 


tuberculin syringe operated by hand. Two, or even three, small quick injections, totalling 


0-1-0-5 ml. were made during the run of film. Only the leading edge of the dye can be used for 
analysis so that repeated small injections are desirable. 

In a few experiments a suspension of graphite (‘Aquadag’) was used in place of dye. If diluted 
to a fluid consistency its photographic properties were not superior to dye. Used undiluted it 
combined some of the advantages of both air-bubbles and dye but was very liable to cause emboli 
in major arteries so that its use was abandoned. 


Blood-pressure recording | 
Arterial blood pressure was measured in half the experiments by means of a capacitance 


manometer (Southern Instrument Co.) recording with a Kelvin Hughes writing pen on Tele-Deltos _ 


paper and on a Cossor double-beam oscillograph. 

The recording in all experiments reported was through the same cannula that the injection 
was made, in the left renal artery. Records were thus interrupted for a few seconds while the 
actual injection was made. In other experiments the aortic pressure was recorded by a fine 
polythene cannula (int. diam. 0-2 mm) inserted from the femoral artery. No alteration in the 
pulse form due to the injection could be observed. 

In one series of experiments the capacitance manometer was not available and in these the 
mean arterial pressure was recorded by a mercury manometer with a cannula in one common 
Analysis of records 
The film records were analysed with the aid of a projector which could operate at 16 or 


_ 2 frames a second and also could be stopped on a single frame while retaining full brilliancy of 


image (Specto Ltd. Analysing Model). The film was then projected on to the moving drum of an 
electrically powered kymograph which was run at 90° to the long axis of the image of the artery. 
The movement of the air-bubbles or dye-fronts were then followed by hand with a pen. The 
resultant curve (Fig. 1) is a curve with time plotted in the direction of rotation of the drum and 
distance moved along the artery plotted vertically. This curve was smoothed of any obvious 


errors due to hand and eye co-ordination, and traced on to squared paper. The slope of the 


curve, y’/x’, was then measured at regular intervals. From this the velocity was calculated from 
the simple relation 
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where y'/2’ is the slope of the graph, m the magnification ratio projected image : object, p is the 
rate of projection in frames/seo; f is the rate of taking in frames/sec, and d is the distance in cm 
travelled by the paper per sec. 

The rates of running of kymograph and projector were measured directly. The rate of taking 
in the camera is measured from the time-marks in the film itself. The magnification was measured 
by making direct observations of object-size and also calculated from the optical system. Each 
passage of a bubble or injection of dye in one cardiac cycle was traced several times, six being 


regarded as optimal. An average of these tracings was then taken for that cardiac cycle. The 
graphs shown are the means of a number of cycles analysed in this way. 


RESULTS 


The results reported here are based on the findings in four rabbits in which 
successful observations were made of the flow in the abdominal aorta. A fur- 
ther five animals were studied in the preliminary stages with variations of 
technique which were either unsatisfactory or failed for other reasons. 
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Fig. 1. Flow curve obtained by tracing the movement (vertical) of a bubble 
in the projected film on to a moving strip of paper (horizontal). 


Analysis of the velocities of flow using air-bubbles in comparison with the 
axial velocity measured with a dye injection led to the conclusions that the 
velocity of a spherical air-bubble was approximately the mean laminar velocity 
(McDonald, 1952). This assumption has been accepted in the present work and 
velocities quoted here are mean velocities. 

The first step was to convert the movement down the artery into a ‘flow 
diagram’ by tracing it on to a moving paper surface. Fig. 1 represents such 


a result of the type of flow pattern most commonly seen in these experiments. 


It is seen that with the beginning of systole there is a movement of blood which 
rapidly accelerates, so that the slope of the curve becomes steep and thereafter 
gradually flattens until flow ceases at the end of systole (duration 55 msec). 
Immediately the direction of flow is reversed and runs towards the heart for 
a further 40 msec and is then arrested and remains stationary throughout the 
remainder of diastole. 
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In this particular example the distance the blood flows back in the aorta is 
30% of the forward flow in systole. : | 
From a measurement of the slope of this curve the velocity may be calcu- 
lated; that derived from Fig. 1 is shown as Fig. 2. As this curve is similar in 
nature to those reported by other workers using flowmeters of the differential 
manometer type, the main results are presented in this form. Fig. 2 is drawn 


Velocity (cm/sec) 


Time (msec) 


Fig. 2. The velocity of blood flow in the aorta throughout the cardiac cycle. The velocities are 
derived from Fig. 1 by measuring the slope of that curve at successive points. Forward flow 
is represented above the zero line and back-flow below. 7 


through the arithmetical mean of six cardiac cycles in one film, but was the 
type of flow most commonly seen in this series of experiments. The peak 
velocity was 60cm/sec which was reached in less than 20 msec from the 
beginning of the systolic blood flow and thereafter steadily decelerated until 
zero velocity was reached. The maximum retrograde velocity of 27 cm/sec was 
attained about 12 msec later. Zero flow was once more found at the end of 
100 msec and for the remaining 70 msec of the cardiac cycle there was no 
movement of blood in the distal aorta. Flow of blood along the right renal 
artery was seen, in some of the dye-injection experiments, during diastole 
when there was no movement of blood in the aorta. The blood-pressure curve 
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corresponding to these velocities of flow is shown in Fig. 3. The pulse pressure 
was approximately 10 mm Hg (systolic pressure 60 mm Hg; diastolic 50 mm). 

The lowest peak velocity measured in any animal was 33 cm/sec. The 
highest velocities measured consistently were about 60 cm/sec as described. 
Fig. 4 shows the curves (six cardiac cycles) in which the low peak velocity was 
seen. This was observed in the same animal as that in which the first results 
(Figs. 1 and 2) were measured. The time relations of the acceleration and 


0 100 200 msec 


Fig. 3. Blood pressure recorded by capacitance manometer in the experiment 
illustrated in Fig. 2. Blood pressure 60/50 mm Hg. 


10 = 


Velocity (cm/sec) 


~20- 
Fig. 4. Velocity of blood flow in aorta when peripheral resistance in lower limbs is increased. 
Whole line and broken line indicate two different types of back-flow that were seen. 


deceleration in systole are similar to those in Fig. 2. In half the cycles measured 
the character of the back-flow is also similar in its time relations (Fig. 4, 
solid line), while less in extent than that shown in Fig. 1 it is actually slightly 
larger in proportion to the forward flow (35% compared to 30%). The blood- 
pressure curve was very similar to that in Fig. 3, but the pressures were 
higher (80/70 mm Hg). The flow pattern was not as regular in this series and 
irregular oscillations in the back-flow were seen in half the cycles measured 
(Fig. 4, broken line). In these a short period of forward flow immediately 
after the back-flow might be seen. The results in this experiment were 
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attributed to air embolism in the lower limbs caused by some of the air 
injected in previous film runs blocking small vessels and so raising the peri- 
pheral resistance distal to the stretch of aorta being studied. This view was 
supported by the fact that subsequent films taken showed a return to the 
flow pattern seen at first in this experimental animal. 

The largest forward flow recorded is shown in Fig. 5. This curve (aix cardiac 
cycles) was the only one obtained in which no back-flow was observed. The 
following film in the same animal showed a back-flow, although it was small 


compared to those in Figs. 2 and 3. It occurred in the period where zero-flow 
occurs in Fig. 5. 


Velocity (cm/sec) 


100 150 
Time (msec) 


Fig. 5. Another type of velocity curve seen in an experiment where total 
flow was high and back-flow absent. | 


The differences seen in this flow pattern compared to Fig. 2 were con- 
siderable. There was forward flow in late diastole so that although the peak 
velocity early in systole was similar to that in the former result, and was 
reached in approximately the same time, the actual acceleration was less. 
Further, the deceleration was much slower in the rest of systole and the flow 
velocity was still about 40 cm/sec when systole ended. A period of more 
marked deceleration to zero flow then followed in early diastole. The halt in 
forward flow, however, only lasted for some 15 msec before it started again. 
The form of the pulse wave, unfortunately, could not be recorded in this 
animal; the mean arterial pressure was 45 mm Hg. This suggested that there 


was marked vasodilatation and that the high rate of flow was associated with 
this. 7 
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-flow 
as percent- Volume 
Diameter age of flow 
Weight oofaorta velocity forward BP. . (approx.) 
Experiment (kg) (mm) (cm/sec) flow) (mm Hg) (mL/min) 
18A (Figs. 1 and 2) 2-7 3-0 60 30 60/50 36-0 
204 (Fig. 4) ‘27 3-0. 33 36 80/70 22-0 
31B 5) | 2-6 2-0 Nil Mean 45 52-0 


The variations in the size of the aorta with each pulse were very small. 
One could, therefore, easily make an approximation of the volume flow 
through the distal aorta in these.rabbits from the primary — of blood 
movement (Fig. 1). These values are noted in Table 1. 


DISCUSSION 


High-speed cinematography cannot usefully be regarded as a standard method 
of measuring flow in arteries, although the results obtained can be compared 
with those of previous workers. It is, rather, a means of studying short 
periods of typical circulatory activity in great detail, and as such has advan- 
tages. The technical disadvantages at present are the effects of heat from the 
light-source, the effect of drying on the artery and the errors introduced by 
the injection. Heating is almost certainly the cause of falls in blood pressure 


_and.of deterioration of condition in many animals which led to failure of 


experiments. In part.this may be due to raising the temperature of the blood 
in the aorta with resulting peripheral vasodilatation but may also be due to 
inadequate shielding of the viscera. It is hoped to eliminate these factors by 
improved methods of heat filtering. The drying of the aortic wall has been 
allowed because it was found that only by this means was the best trans- 
lucency of the wall achieved. This obviated the necessity of cannulating the 
vessel, While this must affect its elastic properties, no change has been detected. 
The vessels were filmed when freshly exposed and the changes in diameter 
due to pulsation compared with the same arteries after their exposed surfaces 
were allowed to dry. These pulsations are very small and difficult to measure 
but no detectable difference was noted due to prolonged exposure. In view of 
this, and also the small length of the artery affected, it is not considered that 
the dynamics of the aortic flow were altered significantly. Finally, the ideal 
injection material has yet to be found. Dye has little theoretical disadvantage 
but as only the ‘front’ of the injection can be measured the number of cardiac 
cycles studied in one film is limited by the rate of injection and clearance of 
dye. Also the margins are rarely sharp enough for accurate measurements, 
and where back-flow occurs the apex of the ‘front’ may get lost in the peri- 
pheral ‘sleeve’ of dye. For velocity measurements a discontinuous injection, 
such as that provided by air-bubbles, is preferable, as the movement of each 
bubble can be analysed. The disadvantage is that. bubbles introduce dynamic 
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artifacts into the circulation, though, with care, these may be minimized. 
The effects of air embolism can apparently be avoided by strictly limiting 
the amount of air injected and spacing the injections suitably.. If it does 
occur a result such as that illustrated in Fig. 4 may be noted temporarily but 
normal flow soon returns. The extensive work that has been done on the 
bubble flowmeter indicates that an air-bubble that is spherical and of a radius 
the same as, or slightly less than, the radius of the vessel will travel at the 
mean velocity of the blood (smaller, and larger, bubbles tend to travel at 
speeds above the mean velocity, Bruner (1948)). As noted above, in Results, 
this is supported by my observations. The very small mass of the bubble 
indicates that it is virtually without inertia and hence will follow the phasic 
variations in flow very closely. 

A comparison of the results reported here and those of previous workers 
shows a large measure of agreement. The presence of backflow in the rabbit 
aorta, as first reported by Broemser (1928), is confirmed. The shape of the 
velocity curve in systole (Fig. 2) is almost identical to his result, as both show 
that the peak velocity occurs early in systole. The value for this velocity 
measured, in most cases of the order of 60 cm/sec is, however, much higher 
than that reported by Broemser (15-6 cm/sec). The extent of the back-flow 
noted in most cases here is considerably larger than that noted by him. 
Finally, he recorded a small steady forward flow after backflow which was not 
seen in the experiments of the present series. Broemser, however, was 
studying the thoracic aorta. 

Shipley e¢ al. (1943) have also recorded and measured backflow in a large 
number of dogs especially in the femoral artery. They review previous work 
reporting this phenomenon and discuss its implications in connexion with the 
behaviour of the elastic arteries. Following back-flow they always recorded 
a forward flow in diastole. 

Similar results as regards back-flow have been recorded by Bergmann 
(1938) using the ‘Stromborste’ meter. Machella (1936), using his own form 
of a hot-wire anemometer, did not record any back-flow. Back-flow also 
does not appear to have been recorded with the electromagnetic flowmeter. 

In Fig. 6 the flow, velocity and pressure curves’ of Figs. 1-3 have been 
superimposed. The feature to be noticed is that the velocity peak markedly 
precedes the pressure peak, a fact recorded by Chauveau & Lortet (1860) and 
which is in agreement with all recent workers. In fact, the velocity of flow is 


greatest when the rise in pressure is quite small. An exception is Machella — 


(1936), who stated that the curve for the rate of flow followed, and was similar 
in shape to, the arterial pressure curve, but this has not been repeated. If the 
total flow curve is compared to the pressure curve (Fig. 6) a different aspect of 
the relationship is seen. The rising phase of both curves matches well, but the 
peak of the flow curve lags a little behind that of the pressure curve. This is 
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due to the inertia of the blood and the behaviour of the elastic wall. The 
relation of these two curves may be compared to the hysteresis curve drawn 
by Shipley e¢ al. (1943) from the relation of the arterial pressure and the volume 
curve of the arterial system (which they deduced from the flow-velocity o curve — 


and the mean venous outflow). 
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Time (msec) 


-30- 

Fig. 6. A superimposition of Fig. 1 (flow), Fig. 2 (velocity) and Fig. 3 (blood pressure) for one 

cardiac cycle. This illustrates the time relations of the pressure curve (P) to the velocity 
curve (V) and the total flow curve (F). 


The large retrograde flow in early diastole in the distal aorta calls for com- 
ment. It seems to be tacitly accepted that back-flow in arteries is due to 
regurgitation through the aortic valves before they close. The present experi- 
ments, while not providing any proven explanation for the presence of back- 
flow, may be held to render this account untenable for the following reasons. 
First, the back-flow is usually much too large. Up to one-third of the forward 
flow due to cardiac systole was seen to flow back during diastole. The pressure 
tracing gave no hint of valvular incompetence on such a scale os 3). 
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Secondly, back-flow is very variable and capricious (Figs. 4 and 5), whereas 
the amount regurgitated through the valves should be fairly constant. 
Thirdly, the effect of valvular incompetence on back-flow would be expected 
to be greater the closer to the valves the measurements were made. This does 
not appear to be the case. Broemser in the ascending aorta recorded a smaller 
back-flow than the present work records in the distal aorta. Also personal 
observations have shown that the back-flow in the rabbit thoracic-descending 
aorta is usually much smaller than that in the distal abdominal aorta and is 
absent in the common carotid artery. This would suggest that a large propor- 
tion of the blood observed to flow back in the distal aorta does not flow into the 
thoracic aorta. It must, therefore, flow into the branches that arise from the 
proximal abdominal aorta, the coeliac, superior mesenteric and renal arteries. 
- In the present study of the abdominal aorta the film records also show that 
flow occurs along the renal artery while there is no forward flow in the aorta 
from which it is arising. This agrees with the observations made by Shipley e¢ al. 
that forward flow throughout diastole occurred in the hepatic, superior 
mesenteric and renal arteries. Ss 

Back-flow in the distal aorta may be largely due to run-off into the visceral 
vascular bed. Its presence or absence will depend on the relative peripheral 
resistances in the pelvic-hind extremity vascular bed and in the visceral bed. 
The fact that the observed back-flow in the present work was greatest in the 
case where the resistance in the distal bed was increased by air embolism, 
gives some support for this suggestion. It is also supported by the observation 
of Gregg, Pritchard & Shipley (1948) that venous occlusion increases back-flow 
in the femoral artery. On the other hand, if the peripheral vascular bed is 
widely dilated then the distal resistance will never be great enough to cause 
a back-flow (as in Fig. 5). The fact that such a back-flow appears to be the rule 
in the femoral artery of the dog and the aorta of the rabbit may be due, in 
part, to the fact that the kinetic energy of the aortic flow during systole tends 
to overload the distal branches before the visceral branches, arising from the 
parent trunk at a greater angle, are filled. The aorta is thus seen to function 
not only as a conduit but as an elastic reservoir which, when filled under 
tension, will distribute blood to the regions with the lowest resistance, and 
apparent flows in sections of the aorta may only be local in character and 
should not be interpreted as involving its whole length. 


SUMMARY 

1. The phasic velocity of blood-flow in the rabbit abdominal aorta has been 
measured by photographing the movement of injected material with a high- 
speed cine-camera. 

2. The method is described in detail. The rate of filming was 1500 frames/sec. 
The material injected was either bubbles of air or blue dye. 
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3. In a characteristic curve the peak mean velocity of flow is 60 cm/sec, 
occurring relatively early in systole. Flow then falls to zero at the end of systole. 

4. After the cessation of forward flow a period of retrograde flow starts 
and when this has ceased there is commonly no movement of blood for the 
remainder of diastole. Back-flow may be as much as one-third of systolic 
forward flow and may reach a velocity of 25 cm/sec. 
5. A high vascular resistance distally reduces the velocity and amount of 
the systolic flow and may augment the relative amount~of back-flow. Low 
peripheral resistance increases the length of time during which forward flow 
occurs and appears to minimize back-flow. 

6. Back-flow in the distal abdominal aorta is considered to be due to run- 
off of blood into the visceral vascular bed and apparently does not take place 
»% throughout the length of the aorta. 


Tam indebted to Dr D. A. Watson for invaluable surgical assistance. The photography was done 
by Mr John Hadland and his assistants. The capacitance manometer and Cossor oscilloscope used 
are the property of the Department of Applied Physiology, Medical Research Council, and were 
very kindly lent by Dr O. G. Edholm; with Dr F’. E. Cooper he also supervised the use of these 
instruments. I am also grateful to Dr Edholm for a critical perusal of this manuscript. 

The expenses of this research were defrayed by a grant from the Medical Research Council. 
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THE OCCURRENCE OF TURBULENT FLOW 
IN THE RABBIT AORTA 


By D. A. McDONALD. i 
_ From the Department of Physiology, St Bartholomew's Hospital Mediz 
College, London, E.C. 1 


(Received 17 April 1952) 


The nature of the flow i in arteries has been the subject of much speculation. 
The first objective study appears to have been that of Hess (1917). He 
auscultated the aortas of many types of dogs, including a large St Bernard, 
and hearing no murmurs concluded that the flow was laminar and not turbulent. 
He supported this contention by showing that dye injected into the aorta by 
means of a cannula passed down the carotid artery kept mainly to one side of 
the aorta and more was recovered from the femoral artery of the left side than 
of the right... Ralston & Taylor (1945) later observed filaments of injected 
indian ink passing through lucite cannulae put in the aortas of dogs and cats. 
Later Ralston, Taylor & Elliott (1947) produced confirmation of a similar 
nature to that of Hess by showing differential recovery of dye from the two 
renal arteries after injection into the root of the aorta or the left ventricle. 
In the basilar artery McDonald & Potter (1951) filmed the passage of dye 
in the basilar artery of the rabbit and showed that the flow in this artery is 
laminar. This flow was also recorded with a cinematograph camera at high 
rate. This method (Potter & McDonald, 1950) has here been used to study the 
flow of dye injected into the rabbit aorta. It has been shown that turbulent 
flow occurs during the rapid flow during cardiac systole but that otherwise the 


flow is laminar. Some films of these results were shown to the ———* 
Society on 3 November 1951. 3 


METHODS 


The camera and lighting used for filming at 1500 frames/sec have been described in an accom- 
panying paper (McDonald, 1952). Rabbits were anaesthetized with pentobarbitone sodium 
i.v. (40 mg/kg) and ether by inhalation. The aorta was exposed through the left flank. The dye 
used was Evans’ blue (T 1824) 5% solution in isotonic saline. A deep red filter was used in front 
of the camera lens to make the dye contrast with the blood. Injection was made with a 1 ml. 
tuberculin syringe through a polythene tube (int. diam. 0-5 mm) inserted into the left renal artery. 
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The tip of the tube did not. project into the lumen of the aorta but was as near the junction of the 


penal artery and aorta as possible. The length of aorta studied was 2-5 cm immediately distal to 


the origin of the renal artery, which was included in the picture. The wall of the aorta was cleaned 
by dissection but otherwise was not interfered with. In other experiments the bifurcation of the 
Injection was by two to three short bursts of from 0-05 to 0-1 ml. given by hand as rapidly as 
possible at intervals of about } sec. The object was to observe the arrival and the clearance of 
the dye. | 


Fig. 1. Tracings of projected single frames from a film taken during injection of dye. A, in early 
systole, showing a parabolic front of the injected dye; B, the scattering of the dye throughout 
the vessel when turbulence occurs during the period of peak velocity; C, showing a reformed 

_ stream after the end of systole during the period of backflow. 


. RESULTS 


3 Dye injections were filmed in five rabbits. 


The sequence of flow in the rabbit aorta has been described elsewhere 
(McDonald, 1952). The behaviour of dye during the early part of systole was 
that of a typical laminar parabolic profile (Fig: 1.4). Rapid acceleration was 
seen, and after 12-15 msec the dye was seen to break up and become dis- 
tributed in random threads right across the lumen of the artery (Fig. 1B); 
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this persisted until the end of systole. With the onset of a brief period of back- 
flow long linear filaments formed which persisted throughout diastole (Fig. 1). 
The moment when cessation of turbulence occurred could not be determined 
as the dye, once scattered, did not immediately reform into streams. 

The velocity of transport of bubbles in this vessel has been reported 
(McDonald, 1952). The velocity of the axial stream of dye is shown here 
(Fig. 2) compared with that of a bubble. The axial stream accelerated much 
more rapidly but reached the same peak velocity (60 cm/sec); this is the 
moment when the break-up of the stream is observed. The relationship 
between axial velocity and bubble velocity prior to the onset, of turbulence is 
that to be expected if the bubble velocity were a mean laminar velocity. This 
is further supported id the fact that while the stream is ‘turbulent both 
velocities are the same. 


Onset of turbulence 


Velocity (cm/sec) 


Time (msec) 


a bubble of air (whole line) during systole, measured in the same animal. Flattening of the 
velocity curve occurs when the stream becomes turbulent. 


When the flow was observed in the aorta in the region where it bifurcates to 
form the two iliac arteries additional changes in flow are seen. The rapidly 
moving stream of dye impinges on the far wall of the aorta which lies between 
the iliac arteries. The more lateral streams of blood pass into the branches 
_ without interference and with small distortion of flow. The central stream, 
however, is markedly diverted and even is reflected back for a distance of 
approximately one diameter (c. 2 mm). This eddying of the flow occurred in 
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the region between the mouths of the two iliac vessels (Fig. 3). Distortion of 
the flow at this point was present in some degree all the time that blood was 
flowing. 


Fig. 3. Tracings of projected single frames of a film of the bifurcation of the aorta. A, during 
the acceleration phase of systole; B, during diastole. : 


DISCUSSION 


The classical study of the genesis of turbulent flow is that of Reynolds (1883), 
who described the dimensionless constant which determines the critical values 
when the change from laminar to turbulent flow occurs. 
Vxrxp 


= viscosity (poises), V = mean velocity (cm/sec), r=radius of the tube (cm). 

The critical value is about 1000, but some authorities substitute diameter 
for radius in which case the critical Reynolds number is 2000 (e.g. Green, 
1944). 

Most determinations of this number have been made on water. Miiller 
(1924, 1941) has studied blood in relation to Poiseuille’s law (which allows the 
derivation of Reynolds number) while Coulter & Pappenheimer (1949) have 
made precise measurements of the critical Reynolds number for blood. They 
obtained the result of 980+40 over a wide range of varying viscosities in 


, where R,=Reynolds number, p=density of fluid (g/cm’), 
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ox blood, while Miiller noted that a deviation from Poiseuille’s law could occur 
with a Reynolds number of 630 to 1000. 

To calculate the Reynolds number under conditions of flow such as exist in 
the aorta it is necessary to assume a figure for the viscosity of the blood, as it 
is not possible to measure it under the actual flow conditions. Green (1944) 
states that the relative viscosity of blood ranges from 2:5 to 4-0 (i.e. compared 
to water). The viscosity of water at 37° C is 0-00689 P (Daugherty, 1937) so 
that the value for blood would be 0-017-0-027 P. This is low compared to the 
value of 0-04 P for ox blood of haemocrit 39% at 37° C (Coulter & Pappen- 
heimer, 1949), which is probably close to that of rabbit blood which has 
a haematocrit of similar value (39°89, +4-3; Wintrobe, 1946). Miiller’s 
estimation of the viscosity of ox blood also gives a value of 0-04 under dynamic 
conditions of study. 

The highest mean velocity measured in the rabbit aorta is 60 cm/sec. With 
this value the Reynolds number in the rabbit aorta is, at the maximum, 
550 (r=0-15 cm, p=1-054, were P). Ifa viscouty of 0-04 P is used then 
Reynolds number is 240. 

As there was a dilution effect due to the dye being of a lower viscosity than 
the blood, the lowest viscosity figure (0-017 P) has been taken. It is thus seen 
that the highest value for Reynolds number when turbulence occurs is 550. 
From Fig. 2, however, it can bé seen that turbulence actually starts when the 
mean velocity is between 30 and 40 cm/sec so that the Reynolds number at 
this point is about 300. 

These values are considerably smaller than those derived by the other 
workers cited above. It is, however, the first. occasion where the critical values 
for the Reynolds number has been determined by direct observation in the 
arterial system. With its irregularities of contour this system would predispose 
to the premature onset of turbulence. Fig. 3 shows an extreme example of how 
the anatomical arrangement of arteries may cause turbulence. Reynolds him- 
self described the considerable precautions in design of apparatus that are 
necessary to avoid the premature onset of turbulence. In addition to this the 
aortic stream is subject to very rapid acceleration during the period under 
study. Analysis of Fig. 2 shows that at the period when turbulence commences 
the mean velocity of the blood is accelerating at a rate of 6000 cm/sec*. The 
axial stream is accelerating much faster. This must also play an = 
part in precipitating turbulent flow. 

A criticism may be made that the method of injection, at right angles to the 
axis of flow, may provoke turbulence that was not occurring naturally. This is 
countered by the observation that the dye was not cleared by one systole but 
lingered for 2-3 cardiac cycles, and that the same flow pattern persisted after 
active injection had ceased. This observation also counters the possible sugges- 
tion that the lowering of the viscosity of the blood by the injected dye was the 
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crucial factor. In fact, turbulence could be detected during systole when only 
wisps of dye remained. 
Reynolds remarked on the rasidity with which a laminar flow could change 
to turbulence. In the observations now described the change appeared to 
occur between one frame and the next. As the time interval between frames 
was 0-66 msec some idea of the rapidity of the change can be appreciated. The 
reverse change was more gradual and was difficult to observe in detail. The 
return to laminar flow occurred at a lower velocity than the beginning of 
turbulence, a fact which has been observed in water (Daugherty, 1937). This 
author also states that this latter value corresponds to the true Reynolds 
number; if this is so, then the discrepancy between the behaviour of blood in 
the aorta, and of water in. pipes, is even greater than suggested above. 
_ The observations noted here that the systolic flow in the aorta is turbulent 
is in contradiction to previous workers. Ralston & Taylor (1945) could see 
filaments of dye in the aorta. These filaments have also been seen in the present 
experiments (Fig. 1C). They occur during diastole and part of systole. It is 
suggested that under unaided conditions of observation they are the only part 
of the changing flow-pattern that persists long enough to be observed while 
the transient turbulence of systole escapes precise detection. The fact that 
a difference in concentration of dye is noted also suggests that the turbulent 
periods are of too short duration to cause thorough mixing and so accounts for 
the observations of Hess (1917) and Ralston e al. (1947). 

The fact that the dye is distributed across the lumen of the vessel indicates 
that turbulence in the plasma exists as much in the axial core as in the — 
peripheral laminae. Coulter & Pappenheimer (1949) postulated that the red 
blood corpuscles remained orientated as in laminar flow even when the plasma 
‘sleeve’ was turbulent, but the present findings indicate that the plasma is 
turbulent throughout the vessel. 

The observations of the complex pattern of flow at the bifurcation of the 
aorta hardly call for comment. Eddying, and so mixing, of the blood pre- 
sumably will occur at all such major junctions. Coupled with the transient 
breakdown in other parts of the large arteries this indicates that functionally 
the arterial flow should be regarded as turbulent. _ | 

This conclusion had been reached theoretically for larger species by previous 
workers, although accurate figures for flow velocities have not hitherto been 
available, e.g. Green (1944) calculated that the aorta of a dog, diameter 1 cm, 
would have a Reynolds number over the critical value.if the velocity of flow 
were 40 cm/sec or faster. Those who have held contrary views have postulated 
that blood is more stable than water and that the critical number must be 
higher. The observations-presented here show that the anatomical irregularities 
and pulsatile flow in an artery, even one as straight as the aorta, will cause 
turbulence at lower velocities than in laboratory conditions in glass tubes. 
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The velocity of flow in other species is almost certainly of the same order of 
magnitude as in the rabbit. Hence the Reynolds number in the large arteries 
will be greater when the radius of the vessels is greater. Therefore it is 
reasonable to deduce from the present results that there will be turbulence 
during a varying part of systole in all arteries with a diameter equal to, or 
larger than, the rabbit aorta (3-4 mm diameter). Thus it will occur in the cat, 
dog, monkey and man. During the periods of the cardiac cycle when the 
velocity is less the Reynolds number will be low and laminar flow will occur. 
This period will occupy a greater part of the cycle in small animals because 
they have small arteries. It is the proportion of the cardiac cycle taken up by 
turbulent flow which will vary according to the size of the animal and not 
merely the presence or absence of turbulence because the phasic variations in 
flow velocity are greater than the ratios of artery size among the species 
considered. | 


SUMMARY 


1. The flow of dye in the distal aorta of rabbits has been filmed at 
1500 frames/sec. 

2. The velocity profile in early systole is parabolic, but the laminar flow 
becomes turbulent before the peak velocity is reached. After acceleration and 
in the backflow phase long streams of dye are seen to reform. 

3. The critical Reynolds number is probably about 300, and not greater 
- than 550. The significance of these low values is discussed. 

4. Flow at the bifurcation of the aorta is also described. Eddying occurs 
all the time there is a forward flow; it is maximal during the fast systolic 
ejection when reflection of the central stream off the far arterial wall may be 
seen. 


I am grateful to Dr 0. G. Edholm for criticism of the manuscript. The photography was 
performed by Mr John Hadland. 


The cost of this research was defrayed by a grant from the Medical Research Council. 
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THE ELECTRICAL CONSTANTS OF PURKINJE FIBRES 


SILVIO WEIDMANN* 
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(Received 24 April 1952) 


The aim of the present work was to measure the myoplasm resistance and the 
membrane resistance and capacity in Purkinje fibres of the mammalian heart. 
A knowledge of these characteristics is important in any discussion of cardiac 
excitation and conduction, and may also be of interest to those concerned 
with the movement of ions through cell membranes. 

The theoretical method employed was similar in principle to that introduced 


by Hodgkin & Rushton (1946). This is based on the assumption that a single 


fibre can be regarded as a cable-like structure with a core of well-conducting 
protoplasm and a thin surface membrane having a high resistance and a large 
capacity per unit area. In the present case the analysis was simplified by 
keeping the fibre in a large volume of saline and using internal electrodes to 
apply current and to record potential. This has the advantage that fewer 


independent measurements are needed in order to determine the basic con- 


stants of the fibre. | 

The equations of cable theory are usually applied to a uniform fibre of 
infinite length, while the fibres of the cardiac syncytium fuse with one another 
at distances of less than 1 mm. The difficulties arising from this situation were 
reduced by using single fibres in the Purkinje system of the kid which were 
found to be free from interconnexions for a length of a few mm and by making 
use of a phenomenon characteristic for heart muscle, the ‘healing-over’ of cut 
surfaces. 

THEORY 

This section gives the results of applying the standard equations of cable theory (Cole & Curtis, 
1938; Hodgkin & Rushton, 1946) to three special cases. In each case a current J, is applied to the 
interior of a fibre at a sealed end (x =0). The total resistance across the seal is assumed to be infinite, 
for reasons which are discussed on p. 350. At the other end, the cable is supposed to extend to 
infinity (case 1), or it is terminated at x=L by a short circuit (case 2), or an infinite resistance 
(case 3). Case 3 applies to fibres which have been separated from the syncytium at both ends, 


while cases 1 and 2 are useful in considering fibres which have been left in connexion with the 
syncytium at one end. 


* Present address: Department of Physiology, University of Berne, Switzerland. 
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In the steady state the distribution of the electrotonic potential V is given by the following 


casel V=V, exp (-—2/A), (1) 
sinh [(Z —2z)/A 
where V, is the electrotonic potential at =0 which is given by 
case 2. tanh (L/2), (5) 
0 


A is the space constant which is equal to +/(r,,/r;) where r,, is the membrane resistance x unit 
length and 1, is the resistance of the core per unit length. 
For each theoretical case there is now a pair of equations which can be solved for the two 


unknowns, and 
The specific resistance of the myoplasm (R,) and the resistance x unit area of membrane (R,,) 
R,=7a* (7) 
R,, 8 
where a is the radius of the fibre. | 
METHOD. 


Excised strands of the ventricular conductive system of the kid (‘false tendons’) were studied in 


a bath of Tyrode solution as described in an earlier paper (Draper & Weidmann, 1951). Single 


Purkinje fibres could sometimes be found in the finest arborizations of the false tendons, y 
before their entry into the ventricular wall. These had a thickness of 40-100 and measured 
a few mm between their peripheral cut end and the point of fusion with a thicker branch of the 
false tendons. The preparation was mounted as seen in Fig. 1 with the single fibre underneath 


Aerated Tyrode solution 


Fig. 1. Diagram of experimental arrangement (not to scale). PH =polarizing microelectrode, 
RE =recording microelectrode. Two indifferent electrodes (Ag-AgCl, Agar-Ringer) in contact 
with pool of Tyrode solution. DCA =balanced d.c. amplifier preceded by push-pull cathode 
follower. Inset: circuit used to monitor strength of polarizing current. R=step resistor of 
10 x 100,000 2, VC =voltage calibrator. 
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a layer of ladies’ stocking. The latter was held in place by Perspex blocks and pieces of watch 
spring. Friction at the meshes prevented the branch from rolling under the pressure of the 
penetrating electrode. No microdissection was required. On two occasions experiments were 
performed on single fibres which had been found in tissue bundles that cross the valleys between 
muscular trabeculae of the kid ventricles. About 50% of all hearts dissected contained a suitable 


preparation for the purpose of the present investigation. 
- A square wave of polarizing current was introduced into the fibre as shown in Fig. 1. The 
square pulses and their intervals were chosen sufficiently long (about 100 msec) for the process 
of charging and discharging the membrane to be practically complete at the end of each half. 
cycle, Anodal pulses were used, i.e. current flow increased the resting potential. The strength 
of the current was adjusted so as to produce potential changes of 5-10 mV at the site of the 
leading-in electrode. At the end of each experiment the current strength was monitored by a circuit 
as shown in the inset of Fig. 1. 
The microelectrodes were of the type described by Ling & Gerard (1949), and had an extrnal 
tip diameter of 0-5 » or less. They were filled with a 3 m-KCI solution (Nastuk & Hodgkin, 1950). 
A method described by Beutler & Stampfli (1948) was used to estimate the specific resistance 
of Tyrode solution. The reference electrolyte was n/10-KCl. | 


RESULTS 
The spread of the electrotonic potential 

In most experiments the polarizing electrode was introduced into the fibre at 
a distance of about 50, from the cut end. A second microelectrode was moved 
along the fibre and inserted at various distances in order to record the ampli- 
tude and time course of the change in membrane potential produced by current 
flow. Fig. 2 illustrates the spatial decrement and time course of the electrotonic 
potential in a quiescent preparation. 

As a rule the specimens were spontaneously active, and the value of their 
membrane resistance underwent cyclic changes. With such fibres all measure- 
ments were made at the beginning of diastole or, to be more precise, at 100 msec 
after the moment of lowest internal potential (cf. Fig. 2 of Weidmann, 1951). 


The properties of the sealed end 

Fig. 3 shows the variation of resting potential along a fibre which had been 
cut at one end and allowed to seal over. It will be seen that the potential is 
practically constant and shows no decline near the cut end. This suggests that 
a new membrane has formed at the cut end and agrees with the well-known 
observation that the cardiac injury potential declines rapidly but can be re- 
stored by a new injury close to the old one (Engelmann, 1877, and others). 

Evidence that the sealed end may be regarded as a high resistance is pro- 
vided by the three sets of experimental points in Fig. 4. There the crosses give 
the variation in electrotonic potential when the current is applied at the sealed 
end. The two sets of circles give the effect of applying the same current at 
different distances from the sealed end and show that the electrotonic potential 
is practically constant in the region of z=0. This indicates that there is no 
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longitudinal current at z=0, which means that the sealed end may be regarded 
as an infinite resistance. It must be emphasized that this result does not imply 
that the new membrane is especially effective as an insulator, or even that it 
is as good an insulator as a normal membrane. The cross-sectional area of the 


Changes ious di electrode. Current 
Fig. 2. in membrane potential at various distances from polarizing 
flow caused downward deflexion. Make and break of each current pulse is marked by short 
spike (capacity artifact). From quiescent fibre no. 10. 


fibre is about 5 x 10-5 cm? so that the terminal resistance would be of the order 
of 20 MQ if the new membrane had a resistance of 1000 Qcem’, which is only 
half the average obtained in Table 1. 20 MQ is effectively infinite since the 
characteristic resistance [4/(r,,7;)] was about 0-5 MQ. 


The properties of the syncytial end 
After entering the syncytium the Purkinje fibre branched repeatedly, so 


that one would expect the terminal resistance at the syncytial end to be lower 
than that which would exist if the fibre continued to infinity. A convenient 
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approximation is to assume that the inside and outside of the fibre are 
effectively short-circuited at the point where it enters the syncytium. This 
assumption, together with that discussed in the preceding paragraph, was 


x 
x x 
in 
x x °° 
1 
05 10 15 20 25 
Distance from cut end (mm) 
Fig. 3. Values of resting potential as measured at various distances from the cut end of 
a single fibre (no. 6). 


° 
4 
x 


x 
05 


10 15 20 aa 
Distance from cut end (mm) 
Fig. 4. Spatial distribution of electrotonic potential near cut end of fibre 6. Position of polarizing 
electrode at 0-02 mm (crosses), 1-48 mm (open circles) and 2-14 mm (full circles). Solid lines 


are theoretical curves; their parameters have been chosen by trial and error to give best 
overall fit. | 


e 


used in calculating the three continuous curves in Fig. 4 from equations 
similar to those in the theoretical section. The same values of r, and 7,, were 
used for all three curves, so that the equations are subjected to a severe test. 
Thus if r; and r,, are chosen to fit one set of points no further adjustments can 
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be made before drawing the other two curves. In spite of this there is reason- 
able agreement between theory and experiment in all three cases. It therefore 
appears that the assumptions of an infinite resistance at a sealed end and a 
short circuit at the syncytial end are reasonable approximations. An upper 
limit to the error introduced by the second assumption was obtained by re- 

calculating the data using equations (1) and (4) instead of equations (2) and (5) 
(p. 354). 


The basic constants 


Table 1 summarizes the results obtained with eight different preparations; 
it also contains the primary data on which the calculations were based. R,, 
and R,; were obtained by inserting the values found for the space constant A, 
for the polarization resistance V,/I, and that for the fibre radius a into the 


TaBLE 1. Electrical constants of Purkinje fibres 


Fibre 
Expt. Theoretical diam L A Voll, Run Tm Cn 
No. case (u) (mm) (mm) (kQ) (Qem) (Qem*) (msec) (uF/cm*) 
3 3 94 4-0 2-3 375 106 2400 (39) (16) 
2 3-2 1-2 227 760 (22) (29) 
5 2 56 4-5 2-4 484 52 2140 = (20) (9) 
6 2 53 3-0 1-4 487 79 1170 (18) =(15) 
7 Q 66. 5-2 16 390 84 1300 185 42 
8 2 90 43 2-0 580 1909 33830 — shin 
9 3 49 3-9 1:5 1050 130 2400 (22) (9) 
10 2 104 6-4 25 234 80 1930 205 106 
Mean 15 43 1:9 478 1065 1940 195 124 


R,=specific resistance of (Qcem); R,,=membrane d.c. resistance (Ncm*); 
membrane time constant (msec) ; = membrane capacity (uF/em*). For significance of of other 
symbols see theoretical section. 


0 20 40 60 i. 20 40 60 
msec 


Fig. 5. Time course of the rise and fall of total membrane charge (relative units). The circles are 
experimental points obtained by graphical integration of the tracings shown in Fig. 2. The 
solid lines are exponentials with time constants of 20 and 21 msec for the rise and fall of 


charge respectively. The rise of membrane charge is plotted downwards. 
PH. OXVIII. 23 
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equations in the theoretical section. Some comment seems necessary on the 
method by which the membrane time constant +,, was determined. In the 
case of two quiescent preparations (nos. 7 and 10) a relatively laborious 
procedure was applied, namely that of computing the time course of the rise 
and fall of the total charge on the fibre membrane. This can be done by 
graphical integration of the potential-time curves as recorded at various 
distances from the polarizing electrode (method suggested by Hodgkin & 
Rushton, 1946). According to theory the rise and fall of the total membrane 
charge ought to follow exponential laws, if the fibre is sealed at one end and 
extends to infinity in the other direction. Fig. 5 shows that this expectation 
was fulfilled to a satisfactory degree in a fibre in which the total length was 
about 2:5 times the space constant. The remaining six preparations were 
spontaneously active which means that their membrane resistance was con- 
tinuously changing. No theoretical method is available for calculating the 
time constant under these conditions, but an approximate estimate could be 
obtained by neglecting the resistance change and by finding the time necessary 
for the electrotonic potential to reach 84% of its ‘final’ value (cf. Table 1 of 
Hodgkin & Rushton, 1946). This was done on a charging or discharging curve 
which had been recorded in early diastole and from as close as possible to the 
site of the polarizing electrode. While there is no theoretical justification for 
such a procedure, it may be expected that the answer will not be radically 
wrong since over a period comparable to the membrane time constant (20 msec) 
the d.c. resistance of the plasma membrane increased by less than 10%. In 
Table 1 the values obtained with rhythmically active preparations are listed 
in brackets and they have not been considered in calculating the average. 


| Sources of error 

(1) Most fibres fused with a syncytium of conductive elements at a distance L from their cut 
end. Beyond z=L there was an increase in cross-sectional area and consequently a stronger flow 
of membrane current per unit distance than would be expected if the cable continued uniformly 
for an infinite length. However, there was no direct contact between the fibre core and the bathing 
solution as assumed in calculating the electrical constants. The maximal possible error arising 
from this simplification could be assessed by re-evaluating the experimental data on the assump- 
tion that the single fibre continued for an infinite length. The average space constant came out 
6% lower, the specific core resistance 4% higher and the membrane resistance 2% lower than 
suggested by Table 1. The single fibre was generally longer than twice the space constant, which 
accounts for the relatively small amount of uncertainty. 

(2) There may be alternative paths for the polarizing current than that through the fibre 
membrane. The possibility of current flow through cut surfaces was dealt with earlier in this 
paper, while evidence was given previously (Draper & Weidmann, 1951) that the hole in the 
surface membrane around the tip of the microelectrode does not represent any appreciable leak. 

(3) It may be questioned whether the endocardial layer surrounding the tissue bundle did not 
represent a considerable resistance to current flow and thus was the seat of part of the total 
voltage drop. This possibility seems to be excluded by the following experiment. A continuous 
square wave of polarizing current was caused to flow into the core of the fibre through a first 
microelectrode. Potential was recorded continuously from the tip of a second capillary while this 
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was slowly lowered towards the bundle and finally inserted into the fibre. The record showed no 
potential changes synchronous with the flow of polarizing current up to the moment when action 
potentials appear which are typical for Purkinje tissue. 

(4) The result of measuring the polarizing current may be falsified (i) by the presence of an 
appreciable resistance in the indifferent electrode (Fig. 1, inset), (ii) by a leak between the electrode 
pool and earth, and (iii) by possible resistance changes in the polarizing microelectrode. The first 
two possibilities could be excluded by the finding that the amplitude of the recorded square wave _ 
was proportional to the value given to the monitoring resistor. The third possibility cannot be 
dismissed entirely since the resistance of the polarizing microelectrode was not checked regularly. 
Occasional measurements indicated, however, that over a period of hours this varied by a few 
MQ at most. Such variations would not have affected the results by more than a small percentage 


since the circuit contained a series resistor of 50 MQ. 


(5) A certain amount of arbitrariness was involved in fitting r; and r,, to a plot of V,, against x. 
The scatter seen in Fig. 4 is typical for results obtained with spontaneously active preparations. 
In most experiments the estimate of r; and r,, could be based on at least five determinations of 
V., along the fibre. On two occasions, however, only two measurements were available (nos. 5 
and 9), and it seems possible that under these conditions the values may be out by as much as 
30%. 

(6) It was shown in an earlier paper (Weidmann, 19516) that the ‘apparent d.c. resistance’ of 
the surface membrane decreases under an anode and increases under a cathode. .The effect can be 
demonstrated particularly well towards the end of diastole but is not entirely absent in the 
beginning of diastole when the present measurements were taken. For an increase in membrane 
potential of 7 mV (typical amplitude of V,) the resistance of the surface membrane was found to 
drop by about 10%. This non-linear behaviour of the fibre membrane must have introduced 
some systematic errors, the characteristic length being slightly overestimated and the core 
resistance underestimated. 

(7) Variations in fibre thickness along each single fibre are thought to have introduced con- 
siderable errors. The diameters listed in Table 1 are mean values obtained from a number of 
estimates along each particular fibre; variations of + 20% about this mean were not uncommon. 
Serial sections of one preparation suggested that the cross-sectional area varied by as much as 
1:18, 

In conclusion it may be said that the more important sources of error should have affected the 
results in a random way; it is thus expected that the correct means lie within the range of values 
determined in individual experiments. _ : 


DISCUSSION 


Organization of the 
The specific resistance of the intracellular phase was found to be 105 Qem 
while the resistivity of the bathing fluid (Tyrode solution at 37°C) was 
determined as 51 Qcm. Similar ratios have previously been reported for nerve 
fibres of different invertebrates and for nerve and muscle fibres of the frog 
(see Katz, 1948). 

Purkinje fibres are histologically made up of sub-elements. These were 
described as ‘granules’ (‘Kérner’) by Purkinje (1845) and are to-day known 
as ‘Purkinje cells’. Histologists describe them as short, thick cylinders with 
peripheral myofibrils, two to five of them in cross-section making up a fibre 
(Wahlin, 1935; Glomset & Glomset, 1940; Truex & Copenhaver, 1947). It may 
be asked whether the boundaries of these cells are comparable to ordinary cell 
membranes in the sense that they represent effective barriers to the movement 
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of ions. This question was recently answered by Curtis & Travis (1951) who 
found that false tendons of the ox responded to electrical stimulation in an 
all-or-nothing manner which seemed only to be compatible with the assump- 
tion of protoplasmatic continuity. The relatively low value determined for 
the specific core resistance seems to add further evidence in favour of the view 
expressed by Curtis & Travis. 

In 1877 Engelmann concluded, on the ground of electrophysiological and 
histological arguments, that ‘cardiac cells are in direct contact during life 
(leitend miteinander verbunden) but become independent as they die’. 
According to Engelmann the phenomenon of ‘healing over’ would depend on 
ionic barriers being newly formed at the boundaries of non-injured cells. The 
present results are in full agreement with this view. A different opinion was 
expressed in recent papers by Rothschuh (1950, 1951). He pointed to the fact 
that with heart muscle the depolarization resulting from injury is reversed 
in a few minutes, while with damaged skeletal muscle a process of membrane 
discharge slowly spreads over the whole length of the fibres. From this 
observation Rothschuh postulated the existence of transverse electrical 
barriers along the core of living heart-muscle fibres. These membranes, spaced 
at distances of less than 1 mm, are supposed to be responsible for holding up 
the process of depolarization. The present results may have no bearing on the 
situation in ordinary cardiac muscle. But they strongly suggest that the | 
hypothesis of Rothschuh is not applicable to Purkinje fibres. For it was found 
that a single fibre heals over wherever it is cut, although its longitudinal core 
resistance is so low that the presence of transverse barriers which are effective 
an vivo must be denied. 

Data on the electrolyte content suggest that the resistance of cardiac 
myoplasm ought to be somewhat higher than that of Tyrode solution. 
According to Lowry (1943), one-quarter of the intracellular phase in rat heart 
is taken up by solids; the most important cation fraction in fibre fluid is 
potassium while the nature of the anions is mainly unknown; it seems likely, 
however, that the anions are relatively large particles and have a lower 
mobility than the extracellular chloride (Lowry, 1943). The value of the core 
resistance, as determined in the present experiments, seems to be consistent 
with the view that all intracellular ions are free to move; but the possibility is 
not excluded that a minor fraction of the intracellular potassium is chemically 
bound (Krogh, Lindberg & Schmidt-Nielsen, 1944). 


_ The membrane resistance 
The membrane d.c. resistance of Purkinje fibres (R,,, = 2000 Qcem?) is similar 
to that of frog skeletal muscle (4000 Qcem?; Fatt & Katz, 1951) and to that of 
different kinds of invertebrate nerve fibres (1000-10,000 Qcem?; see Katz, 1948, 
and Weidmann, 1951a). Caution seems to be necessary in interpreting the 
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significance of R,,, especially in the case of Purkinje tissue. From results 
reported by Draper & Weidmann (1951) it would appear ‘possible that the 
inward flux of sodium ions decreases when the membrane potential is slightly 
increased above its resting value. If so, the current carried by sodium ions 
would contribute a ‘negative component’ to the total membrane conductance. 
It may thus happen that future measurements with radioactive tracers will 
reveal a permeability to a single ion (e.g. potassium) which is higher than 
would appear possible on the ground of a membrane resistance of 2000 Qem?. 


The membrane capacity 


Kahn (1941), applying rectangular current steps to frog ventricle, obtained 
potential-time curves which indicated the presence of more than one charac- 
teristic time constant..This result was tentatively ascribed to the use of non- 
homogeneous material; but it might also have been due to an anomalous 
reactance of the type discussed by Cole (1949) and Teorell (1949). In records 
taken from Purkinje fibres in the phase of early diastole there was no sign of 
any “anomalous reactance’. Furthermore, with two quiescent fibres, the time 
course of the rise and fall of the total membrane charge could be fitted by 
single exponentials (Fig. 5). This finding is consistent with the assumption 
that the measured membrane capacity has the nature of an electrical double 
layer with low dielectric loss. 

The value of C,, in Purkinje fibres appears to be rather high: 12 pF as 
against 6-8 uF in frog skeletal muscle (Fatt & Katz, 1951) and about 1 pF m 
different kinds of non-medullated nerve (table 7 in Katz, 1948). Viewed under 
the microscope, a living Purkinje fibre appears to have irregular outlines 
suggesting that the fibre membrane is slightly folded. Measurements on 
stained serial sections indicated that folding on a microscopic scale is responsible 
for increasing the fibre circumference by a factor varying between 1-2 and 1-8. 
Estimates with fixed material may be subject to artifacts; but it seems reason- 
able to assume that the unfolded membrane of Purkinje tissue would have 
approximately the same basic constants as that of frog skeletal muscle. 

In a rhythmically active tissue the presence of a surface membrane with 
a high capacity calls for an intense exchange of ions between the extracellular 
fluid and the intracellular phase. The following calculation is similar in principle 
to one made by Hodgkin & Huxley (1947); it is based on the assumption that 
the membrane capacity has the nature of an electrical double layer and that 
C,, does not change in the course of a cycle of activity. In order to displace 
the membrane potential by 135 mV (amplitude of the action potential in 
Purkinje fibres; Draper & Weidmann, 1951) a charge corresponding to 1-7 x 
10-4 mole of monovalent ions has to be transferred across each sq.cm of 


potential this charge is most probably carried by sodium ions (see Hodgkin, 


0 
2 
J 
q 


358 SILVIO WEIDMANN 


Huxley & Katz, 1949; Keynes & Lewis, 1951; Draper & Weidmann, 1951). 
The content of sodium within a cardiac fibre may be assumed to be somewhat 
below 10 m.mole/kg of myoplasm (Lowry, 1943; Robertson & Peyser, 1951). 
An amount equivalent to at least 1/1000 of the intracellular sodium content 
would thus enter the core of a 75 p fibre at the onset of each cycle of activity ; 
in order to maintain the ionic order an equivalent amount would have to leave 
the fibre during the remaining part of the cycle. At the end of 10 min or less 
a kid Purkinje fibre working at 100 beats per min would have exchanged 
a quantity of sodium corresponding to at least the total intracellular content. 
This statement needs to be checked by a more direct method although some 
sporadic data on the exchange of “Na in frog heart (Krogh & Lindberg, 1944) 
indicate that such a situation is not impossible. Se 

In interpreting the effect of different ions on the heart it is often assumed 
that the delay with which the test solutions act is entirely due to exchange 
diffusion in the extracellular space. This assumption was tacitly made by 
Draper & Weidmann (1951) when discussing the action of sodium-deficient 
solutions on the cardiac membrane potential. In this particular instance it 
seems unlikely that the main conclusions drawn from the experimental results 
are erroneous. But the possibility of a rapid exchange of ions across cardiac 
fibre membranes should be envisaged in interpreting similar experiments. 

Conduction velocity 

According to the local circuit theory the conduction velocity should depend 
on the fibre radius a and on electrical constants such as the membrane capacit y 
C,, and the specific resistance of the core R;. It was suggested by Katz (1948) 
that the data obtained with different kinds of fibres (skeletal muscle, non- 
medullated nerve) show a reasonable correlation if it is assumed that the con- 
duction velocity is proportional to a factor +/a/C,, «/R,. The data of Table 1 


may be related to known characteristics of the frog sartorius muscle (Katz, 
1948); it is then predicted that kid Purkinje fibres ought to conduct at 


1-1 m/sec; actually a propagation rate of 2-2 m/sec was measured (Draper & — 


Weidmann, 1951). The formula used by Katz (1948) certainly does not include 
all factors of importance. For example, it was pointed out by Trautwein 
(1950) and by Nastuk & Hodgkin (1950) that, for a given C,,, the rate of 
rise of the action potential must be regarded as a further factor affecting the 
conduction velocity. The upstroke of the action potential is about twice as fast 
in Purkinje tissue (37° C) as it is in frog sartorius muscle (17° C) (Nastuk & 
Hodgkin, 1950; Draper & Weidmann, 1951). Furthermore, the measured 
conduction velocity of Purkinje fibres may exceed the predicted rate because 
all parts of the preparation undergo some slow depolarization during diastole; 
thus when an action potential is propagated it meets a surface membrane with 
a potential close to the instability level. Such arguments should not be used 
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- to explain away discrepancies before they can be put on a more quantitative 


basis. On the other hand, it seems clear that there is a rough agreement between 
predictions and experimental results; this is taken as a further argument in 
favour of the view that Purkinje fibres are electrically organized in the same 
general way as the fibres of skeletal muscle or non-medullated nerve. © 


SUMMARY 


1, Cable analysis was performed on single Purkinje fibres in ‘false tendons’ 
of the kid heart. Current was caused to flow through the surface membrane 
by means of a micro-capillary electrode inserted into the myoplasm. Potential 
changes along the fibre were recorded from the tip of a second intracellular 
electrode. 

2. The d.c. resistance of the surface membrane was 2000 Qcm?, the mem- 
brane capacity 12 »F/cm?, the specific resistance of ——— 105 Qem ane 
the characteristic length of the fibre 1-9 mm. 

3. The spread of the electrotonic potential in the vicinity of a cut surface 
indicates that an injured Purkinje fibre heals over with a ‘membrane’ repre- 
senting an effective barrier to current flow. 

4, The relatively low value of the specific d.c. resistance of myoplasm 
(twice that of Tyrode solution) suggests (i) that the smaller units making up 
the Purkinje fibre, the Purkinje cells, are not surrounded by ionic barriers of 
any importance, (ii) that Purkinje fibres are not subdivided by transverse 
‘membranes (cf. Rothschuh, 1951) and (iii) that most of the intracellular ions 

must be free to move under the influence of an electric field. 


IT am highly indebted to Prof. A. L. Hodgkin and to Mr A. F. Huxley for suggesting to me the 
principle of the method and for providing the solution to the theoretical problem. For advice on 
histological questions I wish to thank Dr E. N. Willmer and Dr W. Jacobson. Kid hearts were 
given to me by Dr R. S. Comline and collaborators. The investigation was aided by an apparatus 
grant from the Rockefeller Foundation and it was carried out during the tenure of a scholarship 
awarded by the Stiftung fiir Biologisch-Medizinische Stipendien, Basel. 


REFERENCES 


F, & Srimpr.i, R. (1948). Die Aenderung der Blut und Plasmaleitfahigkeit im Héhen- 
klima. Helv. physiol. acta, 6, 688-698. 

Coz, K. 8. (1949). Dynamic electrical characteristics of the squid axon membrane. Arch. Sci. 
physiol. 3, 253-258 

Coun, K. 8, & Conn, H. J. (1938). Electric impedance of Nitella during activity. J. gen. Physiol. 

Curtis, H. J. & Travis, D. M. (1951). Conduction in Purkinje tissue of the ox heart. Amer. J. 
Physiol. 165, 173-178. 

Physiol. 115, 74-94 

Seema T. W. (1877). Vergleichende Tidserochungen zur Lehre von der Muskel- und 
Nervenelektricitat. Pfliig. Arch. ges. Physiol. 15, 116-148. 

Fart, P. & Karz, B. (1951). An analysis of the end-plate potential recorded with an intra-cellular 
electrode. J. Physiol. 115, 320-370. 


4 
{ 
i 
4 
4 
| 
4 


360 = SILVIO WEIDMANN 


, Lomset, A. T. A. (1940). A morphologic study of the cardiac conduction 
: Part II. Tie Purkinje Amer. Heart. J. 20, 
677-701. 

‘Hopexrm, A. L. & Huxzey, A. F. (1947). Potassium leakage from an active nerve fibre. J. 

Physiol. 106, 341-367. 

Hopexm, A. L., Huximy, A. F. & Karz, B, (1949). Ionic currents underlying activity in the 

giant axon of the squid. Arch. Sci. physiol. 3, 129-150. 

Hopextm, A.-L. & Rusnton, W. A. H. (1946). The electrical constants of a crustacean nerve 
fibre. Proc. Roy. Soc. B, 183, 444-479. 

Kann, ey Der physikalische Elektrotonus des Herzmuskels. Pfliig. Arch. ges. Physiol. 
245, 


Karz, B. (1948). The electrical properties of the muscle fibre membrane. Proc. Roy. Soc. B, 135, 
506-534. 


Keynes, R. D. & Lewis, P. R. (1951). The sodium and potassium content of cephalopod nerve 
fibres. J. Physiol, 114, 151-182. 
Kroon, A. & Lixppmre, A.-L. (1944). The exchange of ions between cells and extracellular fluid. 
III. The exchange of sodium with glucose in the frog’s heart. Acta physiol. scand. 7, 238-243. 
Kroau, A., A.-L. & B. (1944). The exch of ions between cells 
and extracellular fluid. II. The exchange of See eye and calcium the frog heart 
muscle and the bathing fluid. Acta physiol. scand. 7, 221-237. 
Liye, G. & Grrarp, R. W. (1949). The normal membrane potential of frog sartorius fibres. 
J. cell. comp. Physiol. 34, 383-396. 
Lowey, O. H. (1948). Electrolytes in the cytoplasm. Biol. Symp. 10, 233-245. 
Nastox, W. L. pega hg L. (1950). The electrical activity of single muscle fibres. J. cell. 
comp. Physiol. 35 
PurkKInJE (1845). ed k et h logische Beobachtungen. Arch. Anat. Physiol., Lpz., 
pp. 281-295. 
Rosertson, W. van B. & Prysmr, P. (1951). Changes in- water and electrolytes of cardiac 
muscle following epinephrine. Amer. J. Physiol. 166, 277-283. 
Rorusonun, K. E. (1950). Ueber den Aufbau des Herzmuskels aus ‘elektrophysiologisch 
Elementen’. Verh. dtsch. Ges. Kreislaufforsch. 16, 226-231. 
enten und ti us 
Physiol, 258, 238-251. 
electrophoresis in relation to bio-electrical polarization effects. 
ree . (1950). Ueber die Verinderungen der elementaren Daten der elektrischen 
Erregungrwelle des Herzens bei der Insuffizienz des Myocards. Pfliig. Arch. ges. Physiol. 


Truex, R. C. & Copennaver, W. M. (1947). Histology of the moderator band in man and other 
mammals with special reference to the conduction system. Amer. J. Anat. 80, 173-202. 


WauLtn, B. (1935). Das Reizleitungssystem des Saéugetierherzens. Eine anatomische, genetische 
und experimentelle Studie. Thesis, Uppsala. 


Werpmany, S. (1951a). Electrical characteristics of Sepia axons. J. Physiol. 114, 372-381. 


a 8S. (19515). Effect of current flow on the membrane potential of cardiac muscle. 
Physiol. 115, 227-236. 


— 


43 
+ 
a 
if 
‘ 
; 
: 
| 
| 
! 
j 
Al 
4 
“= 


; 


361 


J. Physiol. (1952) 118, 361-372 


THE POTENTIAL LEVEL OF THE SPINAL ROOTS © 
DURING CENTRAL INHIBITION AND EXCITATION 


By T. GUALTIEROTTI* 
From the Physiological Laboratory, University of Cambridge 
(Received 6 May 1952) 
In the past fifteen years much has been published on potential changes 


occurring in the dorsal and ventral roots of the spinal cord. These have mainly — 


been concerned with those immediately following a volley of sensory impulses. 
However, as was shown by Barron & Matthews (1938), temporal summation 
occurs between the long-lasting potential changes produced by impulses 
entering the cord. With a constant stream of impulses, the change of potential 
can, under suitable conditions, be seen to be maintained at both dorsal and 
ventral roots throughout the impulse discharge, and this has since been con- 


firmed by other authors, e.g. Bremer (1941), Brooks & Eccles (1948). It is | 


clear, therefore, that at any instant the central portions of the roots may be 
considerably depolarized and that, unless all impulses entering by routes other 
than those under observation are cut off, the neurones cannot be regarded as 
showing a resting level of polarization. Even if all external impulses are cut 
off, there may well be impulses arising within the spinal cord or brain stem 
causing changes at the roots, as it has previously been observed that descending 
impulses arriving at a lower level of the cord produce parallel depolarization. 
It may be supposed, then, that the level at any instant of observation is ¢on- 


. ditioned by the total convergence of impulses at the structure observed, and 


in the past the addition of known sensory volleys to this have been studied. 
The potential difference between two electrodes on a dorsal or ventral root 
will depend on local potentials due to local injury, etc., plus or minus those 
resulting from electrotonic spread from the cord. The latter variable fraction 
appears to be an index of the convergence of excitation on the neurones, and it 
‘is found that its time course depends, for instance, on whether the spinal cord 
has been cut, and whether other procedures have been adopted which may 
alter the convergence of impulses at lower levels. These changes in the time 
course of root potentials are maintained for long periods. 


* Fellow of the Rockefeller Foundation. 
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The present work has been undertaken to see the effect of activity of mid- 
brain centres on the changes of potential level which follows stimulation and 
the relation of these changes to reflex discharges in the lower spinal neurones. 


METHOD 


Frogs have been decerebrated or made spinal under deep anaesthesia. The potential level of the 
spinal cord has been recorded from the motor and sensory roots of the sciatic nerve close to the 
spinal cord; and the reflex-conducted potentials have been recorded from the same root or from 
the sciatic nerve. 

Direct coupled amplifiers and a double-beam cathode-ray oscillograph were used for recording. 

Reflexes have been elicited either by standard mechanical stimulation of the skin of the foot, or 
by electrical stimuli of various frequencies applied to the medial branch of the lumbosacral plexus 
or to one dorsal root. 

The direct stimulation of the spinal cord has been applied at the middle of the cervical en- 
largement. 

In some experiment strychnine (1/10,000, 0-3-0-6 ml.) was injected into the abdomen. 

Some experiments have been carried out under curare to eliminate artifacts which might be 
produced by movements. 


RESULTS 


Two elements have been considered: (i) the potential level (P.L.) in sensory 
and motor roots; (ii) the correlation between P.L. changes and motor action 
potentials. 

No attempt has been made to investigate the change of p.L. following 
removal of the diencephalon, the optic lobes and the medulla, but the con- 
dition of the p.L. after making the sections has been taken as the resting level. 
Similarly, the steady difference of potential between the electrodes on the roots 
before stimulation has not been considered; this difference of potential, how- 
ever, has been observed to remain typically constant in each preparation, 
except when it was altered by the experimental procedure; in this case it 
returned to the same value after any experimentally induced change. Thus it 
has been taken as the standard zero level for each preparation. 

The very slow drifts during each experiment have been disregarded. In 
addition, no effort has been made to test whether the decrease in the P.L. was 
or was not a positive change; for practical purposes, however, the change of 
P.L. will be called ‘positive shift’ when in the opposite direction and ‘negative 

_ shift’ when in the same direction as the negative synaptic potential. 


Potential level changes 
Spinal frogs | 

The P.L. was steady in absence of stimulation. During reflex stimulation it 
built up to a level which was steadily maintained throughout the period of 
stimulation. Direct stimulation of the cervical enlargement at 280/sec produced 
a similar result. When the reflex stimulation was not maximal, simultaneous 
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direct stimulation of the spinal cord at upper levels increased the amount of 
negativity, but this did not occur if the reflex stimulation of the sciatic nerve 
was maximal, and no procedure produced a p.L. higher than that obtained 
with reflex in thes same animal. 


Diencephalic-mesencephalic frogs 

Direct stimulation of the cervical seidiiaiclaiin: Immediately following 
stimulation (280 square pulses per sec lasting 1 sec) a sudden positive shift of 
p.L. was recorded from the motor root. This shift lasted several minutes (up to 
25 min sometimes, average 10-15 min). It was not steady, but decreased pro- 
gressively to the resting level. An increase of negativity was recorded simul- 


Fig. 1. Variations of potential level and motor activity in spinal roots after direct stimulation of 
cervical enlargement with 280/sec unidirectional square pulse current. A: diencephalic 
frog; ——, ventral root; - - - -, dorsal root. B: diencephalic frog after strychninization 
(ventral root only). C: frog decerebrated leaving one-third of the midbrain and the cerebellum 
intact (ventral root only). D: frog as in C after strychninization (ventral root only). St. 5”: 
beginning of the stimulation: this was kept on for 5 sec. During the stimulation first an in- 
crease of negativity and then the positive shift occurred. Stand. r.: standard reflex response. 
No r.: no reflex response. Weaker r.: shorter and smaller response. Strych. d.: spontaneous 
strychnine discharges. No d.: no spontaneous strychnine discharges. Spont. d.: spontaneous 
discharges occurring as rebound after-discharges after the positive shift disappears reversing 
to an increased negativity. Abscissa: time in minutes. Ordinate: +mV. 


taneously on the dorsal roots and its general features were the same but 
reversed (Fig. 1). These p.t. changes did not occur: (2) when most of the 
ascending spinal pathways were cut above the stimulating electrodes; (b) when 


- _ the frog had been prepared more than 5-6 hr or was damaged; (c) when the 


strength of the current was reduced; (d) when a sufficient stimulus was applied 
for only a short time, under 1 sec. The value of the p.L. change was about 
4mV on the motor and about 2-3 mV on the sensory roots, 
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Stimulation of sensory fibres. The changes which occurred in the P.L. of a 
ventral root during stimulation applied to the lateral branch of the lumbar 
plexus (frequency 15/sec) took place in two commonly observed patterns. 
(a) The preparation did not discharge during the first stimuli (Fig. 2), and 
summation of the slow potentials was recorded during the first 20-24 stimuli 
as in the spinal frog. At lower frequencies this phase lasted for a greater 
number of stimuli. After that a sudden negative shift of the P.L. was obtained 
which was followed by a large positive change during the next 3-4 stimuli. 


Fig. 2. Diencephalic frog. Electrical stimulation of the medial branch of the lumbosacral plexus. 
Record from one motor root, same side. a: (I) first negative deflexion; (II) second negative 
deflexion. 6: (III) first positive deflexion; (IV) third negative deflexion. c: (V) last biggest 
positive deflexion. Before this a further negative deflexion is observed; this is exceptional. 

. Between aI and all there are ten stimuli; the other records are continuous. See text for 
description. Negative deflexions are downwards. Time marker: 3's sec. 


A new negative variation of the p.L. bigger than ever before was seen then, and 
was followed by the largest final positive shift. The two last phenomena 
together lasted no more than 0-2-0-4 sec. The final positive shift, which was 
the major variation in the P.L. up to 3 mV continued for from 5 to 20 min after 
stimulation. The pattern of activity was repeatable in the same preparation. 
Sometimes the last shift was preceded by other cyclic positive and negative 
variations, but this behaviour was rather unusual. Only the last four deflexions 
are really connected with the presence of the brain, since, as has been pointed 
out, the first was present also in the spinal frog. (b) In the second case the 
discharge started with the first stimulation (Fig. 3); then only the big positive 
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shift of 3 mV took place. If the strength of stimulation was decreased, smaller 
changes of the P.L. appeared during prolonged stimulation, as shown by the 
slow undulations of the base-line. During these changes the p.L. never 
reached a higher positive value than that before stimulation. The big positive 
shift in these preparations never reached the maximum of 4 mV which could 
be achieved in the same animal by direct stimulation of the cervical enlarge- 


“ 


Fig. 3. Diencephalic frog. Electrical stimulation as in Fig. 2. Record from one motor root. 
Upper line: condenser coupled and high gain. Lower line: direct coupled amplifiers and low 
gain, a-c: different periods during the same continuous stimulation; there is a progressive 
positive shift (recorded. dow.. wards this time) and each increase is preceded by bigger dis- 
charges until inhibition occurs (c). See text for further particulars. Between a and b sixty-five 
stimuli; between b and c ten stimuli. d: after the end of the stimulation the positive shift is 
slowly decreasing. d1: immediately after, d2: 1 min, d3: 4 min and d4: 10 min later. In d5, 
16 min later, the potential level is nearly the same as before stimulation (a beginning). Time 
marker: 34; sec. 


ment, but was no more than 3mV. Sometimes the positive shift appeared 
immediately after the end of stimulation or in the middle of the after-discharge. 
Its rate of development was not constant and varied from a few msec (Fig. 4) 
to some tenths of a sec (Fig. 3); generally the change was greater when it 
occurred rapidly. The rate of return to the resting level seemed to be related 
neither to this initial rate of change, nor to the peak value attained. Thus, in 
one case, a small change of about 1 mV disappeared in 15 min, whereas in 
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another, one of 3mV only took 11 min to disappear. Changes in the P.L. 
occurred also without stimulation, and during negative swings ‘spontaneous’ 
discharges often occurred. _ 


Fig. 4. Mesencephalic frog. Stimulation and recording arrangement as in Fig. 3. a: beginning of 
the stimulation. At 6, twenty-three stimuli later, a positive shift accompanied by a short 
discharge of high amplitude and followed immediately by almost complete inhibition. 
Positive deflexion downwards. Time marker: 7 sec. 


Fig. 5. Diencephalic frog after strychnine. Upper record: sciatic nerve. Lower record: motor 
root; this line goes over the former during the negative shift. At the beginning of 6 the level 
of the record from the root has been artificially lowered. a: the first effect of strychnine, an 
abrupt increase in negativity at the end of the reflex response. b: the same thing occurring in 
the middle of a spontaneous strychnine discharge. Positive deflexions downwards. Time 
marker: 34g sec. 


Skin stimulation after strychnine. (a) When the preparation is one showing 
the pattern of activity of (a, above), at the beginning of strychninization as the 
fast discharges occur step-like increases of negativity coinciding with these 
appear in the first 6-7 min (Fig. 5). After this period the behaviour is similar 
to that described below. (6) If the preparation does respond immediately 
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(b, above), none of these changes of P.L. occurred. At the end of the first fast 
discharge there was just a sudden positive shift. Its value was about 3-4 mV. 
It disappeared suddenly at the beginning of the next discharge. For a short 
time after giving strychnine, stimulation of the cervical enlargement produced 
a positive shift similar to that in normal preparations, but its duration was 
much shorter: and in less than 1 min had returned to the pre-stimulus 
value (Fig. 1). | 
Correlation between potential level and motor action potential 
A close correlation exists between P.L. changes in a ventral root and motor 


action potentials. The pattern of action potentials varies with the p.t. change 
itself and is independent of the conditions under which it takes place: that 


Fig. 6. Same preparation as Fig. 3, after section through the middle of the pons. The cerebellum 
is cut off. Same stimulation and recording arrangements as in Fig. 3. No potential changes 
except the first negative shift. Note the different discharge pattern which regularly follows 
each stimulus in short trains and is remarkably synchronized. Negative deflexions down- 
wards. a-c are continuous. Time marker: 7g sec. 


means that in any kind of preparation the conducted motor activity is 
modified only if and when p.L. changes are observed. Therefore the variations 
in the reflex activity will be described in relationship with each major P.L. 
change. 

(1) The immediate negative shift occurred in all kinds of preparations and 
was the only one present in spinal frogs during maximum reflex stimulation 
(Fig. 6). In these preparations the action potentials always followed each 
stimulus as a brief discharge. The fast activity decreased slowly and pro- 
gressively during prolonged stimulation after having reached a maximum at 
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the highest level of summation of the slow motor potentials. Sudden cessation 
of response followed by recovery was never observed, nor any kind of transi- 
tory increase in the response. Adding direct stimulation of the spinal cord at 
various levels only increased the conducted activity if the stimulus did not 
coincide with a peripheral one: in this case one additional short volley of 
potentials followed the direct stimulus and appeared to produce the same 
result as increasing the frequency of reflex stimulation. Also during direct 
stimulation of the spinal cord no inhibition was recorded. 

(2) The second negative shift occurred spontaneously in diencephalic- 
midbrain frogs after a certain number of stimuli when the preparation did not 


: | | | 


Fig. 7. Same preparation as Fig. 2. Records made with condenser-coupled amplifiers to eliminate 
the slow changes of P.L.: the fast activity increases progressively, lasts about 1 sec and then 
disappears abruptly. Time marker: 75 sec. 


respond to the first stimuli. This p.L. change was always accompanied by the 
beginning of reflex response (Figs. 2 and 7) and was absent in diencephalic-mid- 
brain frogs when a reflex response to the stimulation was present immediately. 

(3) Following this the electrical activity increased, becoming gradually 
independent of the rhythm of the electrical stimulation, accompanied or not 
by further oscillations of p.x. till a big increase of the number and amplitude 
of the action potentials marked the onset of a sudden change of the P.L. in the 
positive direction. When the positive shift reached a certain level the discharge 
suddenly stopped or was greatly reduced (Figs. 2-4). Only a reduction was 
seen when the change of P.u. did not exceed 2 mV: e.g. during reflex stimula- 
tion of the spinal cord in mesencephalic frogs (Fig. 4). In most of the dience- 
phalic preparations inhibition was nearly complete and the p.t. change 
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was greater than 2 mV. In this condition no reflex activity could be obtained, 
but as the P.L. moved towards a more negative value, reflex activity partially 
reappeared and increased more and more as the P.L. approached the resting 
|evel. This inhibition was observed whatever method of reflex stimulation 
was used. | 

(4) If the dorsal tracts were cut above the level of the electrodes on the 
cord, then neither positive shift nor inhibition appeared. 


DISCUSSION 


Slow potentials of opposite sign have been recorded by various authors from 
ventral roots or directly from motor nuclei during inhibition and excitation of 
motor neurones. 

Lettvin & Dell (1950) recorded a very long positive potential from the 
motoneurones after stimulation of the internuncial nucleus of the lateral tracts 
of Ramon; this nucleus they had previously claimed to have only an inhibitory 
effect. 

Impulses odnbine the spinal cord from one muscle may either inhibit or 
facilitate the same muscle and its synergists. Bernhard (1950) claimed that 
_ the two opposite effects were accompanied by slow positive and negative 
potentials recorded from the motor roots. 

In these papers, however, the slow potentials as well as the excitability 
changes are brief phenomena dependent entirely on a spinal mechanism: the 
same is true of the “central autogenetic inhibition’ described by Granit (1950) 
in the muscle-spinal cord system, and the ‘direct immediate inhibition’ of 

Renshaw (1941) and Lloyd (1941), in which Brooks & Eccles (1948) have 
.stressed the importance of specific positive local potentials. 

On the other hand, the changes of p.L. described in this paper are definitely 
due to brain centres at a level well above the spinal cord because they are 
absent in spinal frogs. This mechanism is not the same as autogenetic muscular 
inhibition and facilitation, but must be correlated with it. 

The spinal structures involved must be the same, and probably the mecha- 
nism also; Granit (1950) has pointed out that the autogenetic inhibition ‘is 
probably carried across internuncials.. This process may be some kind of 
blocking of the facilitatory internuncial bombardment of the motoneurone. . . 
sufficient to prevent activation by the monosynaptic system.’ There is no need — 
to imagine a different mode of action by the brain centres, provided that the 
__ efferent fibres descend from the brain to the internuncials. That this is the case 
is proved by the results of various authors: Magoun (1950), for instance, 
recognized suppressor pathways from the reticular centres of the medulla in 
the anterolateral tracts of the spinal cord. Chauchard (1950) described the 
action of a centre in the base of the midbrain on the internuncial neurones 
in frogs. | | | 
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Thus it is conceivable that the midbrain and diencephalic centres may 
induce slow potentials, and hence excitability changes, in the spinal cord 
similar to those induced by local afferents. 

_ The following conclusions can be drawn from the action of higher centres on 
the reflex motor activity of the frog’s spinal cord: 

(1) Generally any increase in reflex response is accompanied by an increase 
in negativity with only one exception, viz. the high amplitude discharge at the 
beginning of the last positive shift. It may be that the extremely large dis- 
charges (far bigger than any other seen in the same preparation) induce in the 


brain centres some sort of action of which the positive shift of the P.u. is the 


index. 

(2) As this positive p.u. change is correlated at every stage with the central 
inhibition, it may be assumed that the two phenomena are but two aspects of 
the same process. Since positive d.c. is known to produce spinal inhibition, it 
is possible that in this case also they are related as cause and effect. 

(3) Similarly, the increasing negativity of the p.t. might be the means used 
by the brain centres for producing central excitation: since there is a roug 
correlation between the two. ? 

(4) These changes in the cord may be obtained both during strong reflex 
activity and during direct spinal stimulation, but in the latter case they are 
always greater; this is probably because more pathways are involved. 

(5) The changes are found when the brain is transected anywhere between 
the cephalic end of diencephalon and the cephalic end of the pons, but are 
more pronounced in diencephalic preparations. This may suggest that the 
central actions described above depend upon some structures extending along 


the brain stem and that the cephalic end exerts a prolonging and intensifying. 


action over the other. Alternatively, the intensity of the effect may be 
roughly correlated with the size of the structures. 

(6) It is impossible to distinguish different regions of the brain responsible 
for the positive and negative variations of p.t. As in the case of central in- 
hibition and excitation (Gualtierotti, 1952), it seems that the p.L. negativity 
is increased by a lower and decreased by a higher strength of stimulation. This 
supports the suggestion that increased negativity is correlated with excitation 
and decreased with inhibition. 

(7) That a certain degree of inhibition accompanied by a positive P.L. may 
exist in diencephalic preparations is supported by the action of strychnine in 
decerebrated frogs, especially when reflex spinal activity is difficult to elicit: 
a step-like increase of negativity is always recorded as the reflex response 
increases. This further supports a relationship between P.L. and response. 

(8) The fact that during maximal reflex stimulation no increase of nega- 
tivity can be obtained in spinal frogs by any other means, may suggest that in 
this condition the peak thus obtained is a maximum for the preparation. 
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_ (9) If this hypothesis is true, the maximum value of p.L. negativity must 
seldom be reached at any strength of reflex stimulation when the brain centres 
are present: this means that some degree of inhibition must generally exist in 
intact animals. 
(10) The dorsal tracts seem to be the afferent pathways necessary for the 


p.L. changes induced via the brain stem: section of them stops any P.L. change _ 


following spinal stimulation. 

The same region of the brain (diencephalon-midbrain-cranial part’ of the 
medulla) seems to control inhibition and excitation, the corresponding changes 
of p.L., and synchronization of motor spinal activity (Gualtierotti, in prepara- 
tion). In addition, it can be shown that synchronization of motor discharges 
is reduced by d.c. applied to a spinal root (cord positive): “_ the three 
phenomena seem to be closely related. 


SUMMARY 


1, Changes in the potential level of the spinal cord have been recorded from 
motor and sensory roots in spinal, mesencephalic and diencephalic frogs, and 
their relation to excitation and inhibition has been investigated. 

2. No changes not correlated with the stimulus have been observed in 
spinal frogs. 

3. In all the preparations in which the diencephalon or at least a part of the 
midbrain was present, a positive shift in the potential level was recorded 
during brain-induced inhibition. 

4, During direct stimulation of the spinal cord the positive shift, together 
with inhibition, was particularly evident in the motor roots: it lasted several 
minutes after the end of stimulation and disappeared slowly. A corresponding 
negative shift was observed in the dorsal roots. 


5. The potential changes averaged 4 mV and at the higher values inhibition 


was complete. 
6. The beginning of the positive shift was always accompanied by a brief 
motor discharge of high amplitude with an average duration of 0-25-0-5 sec. 
7. During reflex stimulation of the spinal cord similar negative and positive 
shifts were observed: they accompanied increases and decreases in motor 
activity respectively. Almost complete inhibition was obtained sometimes 
_ during the positive shift following a short extremely intense discharge (lasting 
about 0-25-0-5 sec.) 
_ 8. In diencephalic preparations showing no response at the beginning of 
stimulation, a sudden negative shift marked the appearance of discharges of 
high amplitude: later a big positive shift occurred, with sudden inhibition of 
motor activity. Alternate negative and positive fluctuations in the potential 
level have been described in relation to the motor reflex activity. 


9. The physiological interpretation of these results is discussed. — 
242 
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THE EFFECT OF A GANGLION-BLOCKING DRUG, | 
HEXAMETHONIUM, ON THE RESPONSE OF THE 
CAT’S CAROTID BODY TO VARIOUS STIMULI 


By W. W. DOUGLAS | 
‘From the National Institute for Medical Research, Mill Hill, Limion, MW. 7 


(Received 8 May 1952) 


Anoxia sets up an afferent discharge in the sinus nerve, and there-is evidence 
that the elements responding to oxygen lack are the glomus cells of the carotid 
body (De Castro, 1951). But little is known of the processes intervening between 
the detection of oxygen lack and its being signalled in the afferent nerve fibres. 
One possibility which has been suggested is that transmission on this sensory 
pathway is synaptic and akin to that occurring at ganglia on autonomic 
efferent pathways. This view, advanced by Euler, Liljestrand & Zotterman 
(1939), was based largely on the following considerations: 

(1) Histological studies claiming the presence of ganglion cells in the 
carotid body. 

(2) The fact that the carotid body can be stimulated by a group of sub- 
stances known to stimulate autonomic ganglia, i.e. nicotine, lobeline, acetyl- 
choline and KCl. 

(3) Their belief that this group of substances acted at a point central to the 
oxygen sensitive elements of the carotid body: for, as they had shown, the 
stimulant action of these drugs was unaffected by ammonia which abolished 
the carotid body response to cyanide. | 

Recently, however, the possibility of ganglionic transmission has been called 
into question by Moe, Capo & Peralta (1948), who find that in the dog the 
carotid body responses to cyanide are uninfluenced by ganglion-blocking doses 
of tetraethylammonium. 

The present paper reports the effect of the more potent snc adeing 
- compound, hexamethonium, on carotid body responses in the cat, the species 
which Euler e¢ al. (1939) used in their experiments. 

A preliminary account of the results now reported in detail was given to the 
Physiological Society in September 1951 (Douglas, 1951). 
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METHODS 


The cats were anaesthetized with sodium pentobarbitone (nembutal). For induction, 40 mg/kg was 
given intraperitoneally: anaesthesia was " maintained by giving small amounts intraperitoneally 
or intravenously from time to time. 

The trachea was cannulated. Blood pressure was recorded from a femoral artery. Drugs were 
injected into a femoral vein. 

- Breathing was recorded in some animals by measuring diaphragm movements with the phreno- 
graph described by de Candole, Douglas & Spencer (1950), in others by measuring tidal air with 
a small spitometer. In the latter case a closed circuit was used; oxygen was continuously fed in 
through a, suitable valve, OO, sbsorbed by apde lime and movement of the air past the trachea 
- maintained by valves or rotor pump. 

Oxygen and nitrogen mixtures were prepared from cylinders of these gases. The composition 
of the mixture was determined by Haldane apparatus. By means of a valve arrangement attached 
to the trachea, the oxygen-poor mixture could be rapidly substituted for air. 

The usual technique for carotid sinus-carotid body isolation, in which all the blood vessels 
coursing from the sinus and carotid body regions are tied, was not found to be satisfactory for the 
study of chemosensory reflexes. Probably as a result of stagnation of blood in the carotid body, 
a preparation of this sort frequently yielded only feeble chemoreceptor responses. In a number of 
experiments a technique was therefore adopted which permitted venous drainage from the 
carotid body. The lingual artery was tied and the maxillary artery cut between ligatures and 
reflected medially to facilitate exposure. The whole sinus and carotid body region was dissected 
clear of surrounding tissue and the various small vessels arising from the common carotid artery 
cut between ligatures. At this stage common carotid blood was flowing only by the vessels 
plunging deep from the sinus region. Amongst these vessels was a minute vein or veins which 
could be seen to arise from the carotid body and run to join the internal jugular or the large vein 
which runs towards the vertebral column. Care was taken not to occlude this venous drainage 
from the carotid body when the last mass ligature was tied. This ligature, which embraced the 
tenth, eleventh and twelfth nerves and the adjacent blood vessels, omitting only the ninth nerve 
and the sinus nerve, was placed as far cranially as possible, above the nodose and superior cervical 
ganglia and beyond the larger vein into which the vein or veins from the carotid body emptied. 
This larger vein was then cannulated and allowed to drain into a beaker. The volume of the venous 
effluent collected thus during the course of the experiment was usually so small that it was 
discarded; in one experiment, however, it was reinjected into the perfusing cat. The prepared 
carotid body region was now larly isolated by perfusing it with blood from a second heparinized 
cat. The blood was led from a femoral artery of this perfusing cat to the common carotid stump of 
the prepared region and returned to the femoral vein of the perfusing cat through another poly- 
thene tube leading from the stump of the maxillary artery. The tube leading blood to the perfused 
region was short and of small dead space. The return tube had a considerably greater dead space 
(about 4 ml.) and was fitted with a screw clamp and drop counter so that flow in the perfusion 
circuit could be maintained steady at about 12 ml./min. By maintaining the rate of flow of blood 
in the perfusion circuit constant despite any change in peripheral resistance or systemic blood 
pressure of the perfusing cat, it was ensured that tests of carotid body function were of comparable 
duration throughout the experiment. The arrangement also provided that any drug injected into 
the perfusion circuit proximal to the carotid body reached the perfusing cat only after a delay of 
about 20 sec. Any response of the perfused animal which occurred during this period could there- 
fore be ascribed with confidence to an action of the drug in the perfused region. 

Subsequent to the adoption of this venous drainage technique for the carotid body perfusion 
experiments now reported, Chungcharoen, Daly & Schweitzer (1952) published an anatomical 


study of the blood supply of the carotid body which had led them to conclude that damage to the — 


venous drainage of the carotid body probably accounts for some of the experimental failures 
encountered in classical carotid sinus-carotid body perfusion experiments, The experience gained 
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in this present investigation has shown that the isolated carotid body region with venous drainage 

gives better results than the ‘classical’ preparation. However, one or two preparations with 

venous drainage were disappointing. In these the venous flow was practically absent. This 

_ probably resulted from excess manipulation during dissection, for the carotid body veins were 
observed to constrict vigorously to trauma. 


RESULTS 
Oxygen lack 
The respiratory stimulant action of a brief period of anoxia is largely due to 
excitation of the chemosensory reflexes (Schmidt & Comroe, 1940); in the 
vagotomized cat the action is confined to the carotid bodies and provides 
a convenient test of their function. The respiratory response of vagotomized 
cats to breathing an oxygen-poor mixture (4-6-5:3% 0, in N,) for 30-50 sec 
was not lessened by large doses of hexamethonium (Fig. 1). Further experi- 


<— Control —> <— After h th Aa 


(1Smg/kg) (35 


Fig. 1. Cat; nembutal; vagi cut. Diaphragm movements recorded by phrenograph. Siete the 
periods signalled the cat breathed 4-6% O, in N,. Note that the respiratory response to this 
stimulus is undiminished by intravenous injection of hexamethonium. The lowered level of 


systemic blood pressure and the reversal of the anoxic pressor response following hexa- 
methonium result from its blocking — ganglia. 


ments, in which the carotid body was selectively exposed to. oxygen lack and 
hexamethonium by perfusing the isolated carotid body region of one cat with 
blood from a second cat, corroborated this evidence. 

In such experiments anoxia of the perfusing cat (caused by having it breathe 
an oxygen-poor mixture) stimulated respiration in the cat whose carotid body 
region was perfused purely by a reflex, for the effect was no longer obtainable 
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after cutting the sinus nerve. This reflex response to anoxia was not diminished 
when the carotid body was exposed to hexamethonium by giving 20 mg/kg of 
this drug to the perfusing cat (Fig. 2). It might be objected that in this experi- 

ment the respiratory stimulant effects obtained are due not to chemoreceptors 
but to a barosensory reflex caused by changes in the systemic blood pressure 
of the perfusing cat. This seems improbable, for before hexamethonium, 

anoxia of the perfusing cat would tend to raise its blood pressure and this 
pressor effect in the perfused carotid sinus would inhibit respiration rather 
than stimulate it, while after hexamethonium (which abolishes the pressor 


Control After hexamethonium 


2. Cat; nembutal; aks right carotid body region 
perfused by a second hembutalized cat. Tidal air recorded by spirometer (inspiration down- 
wards). Blood pressure recorded from a femoral artery of perfused cat. During the periods 
signalled, the perfusing cat was made to breathe 5:8% O, in N,. Note that the respiratory 
stimulation set up from the perfused carotid body is not diminished after the injection of 
hexamethonium (20 mg/kg) into the circulation of the perfusing cat. 


out there being any change in the systemic blood pressure of the perfused cat 
_ to indicate any barosensory effect. 

Although cats given large doses of hexamethonium showed normal respira- 
tory responses to brief periods of anoxia, they responded abnormally to longer 
periods (c. 80 sec) of oxygen lack. The response to anoxia was ill-sustained, 

and breathing failed sooner than in the absence of hexamethonium. This may 
have been due to the lowered systemic blood pressure and loss of the anoxic 
pressor response caused by sympathetic blockade, or to some direct action of 
hexamethonium on the respiratory centre. 


effect of anoxia) the stimulant effect of anoxia developed, as can be seen, with- 
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Sodium cyanide 


In the vagotomized cat, intravenously injected sodium a gives a 
prompt, powerful stimulation of respiration due essentially to its excitant 
action on the carotid body (Schmidt & Comroe, 1940). This response, too, was 
undiminished after large doses of hexamethonium (Fig. 3). Nor was the effect 
of cyanide which was localized in perfusion experiments to the carotid body 
region lessened by giving hexamethonium (20 mg/kg) intravenously to the 


Control —> <—After hexamethonium ——> 
(15 mg/kg) . (35 mg/kg) 

Fig. 3. Cat; nembutal; vagi cut. Diaphragm movements recorded by phrenograph. Blood 

pressure recorded from a femoral artery. At the points indicated on the respiratory trace 

0-8 mg/kg NaCN was injected intravenously. Note the persistence of the respiratory response 
perfusing cat (Fig. 5). In this experiment the respiratory stimulant effect of 
cyanide was clearly due to its exciting chemoreceptors. The response began 
immediately the cyanide was injected into the perfusion stream: the initial 
gasp and six or more of the succeeding deepened breaths occurred before the 
cyanide had reached the perfusing cat (see methods). Once in the circulation 
of the perfusing cat, this comparatively small dose of cyanide (200 yg) is 
unlikely to have caused a change in systemic blood pressure sufficient to 
influence the established chemosensory response by any barosensory reflex. 


Nicotine, lobeline and acetylcholine 
Suitable doses of nicotine, lobeline or acetylcholine, given intravenously, 
each caused a short, vigorous burst of overbreathing. After hexamethonium 
this response was profoundly reduced or abolished. This result was obtained 
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with all three substances, although in each experiment the response to anoxia 
or cyanide was unimpaired. A typical result with acetylcholine and lobeline 
is shown in Fig. 4. Perfusion experiments showed that hexamethonium 
blocked the stimulant action of these substances at the carotid body region. 
Thus, nicotine, acetylcholine or lobeline, each of which stimulated respiration 
when injected into the blood stream perfusing the carotid body, all failed to 
stimulate or did so only feebly when injected after hexamethonium had been 
given to the perfusing cat. An experiment with acetylcholine is illustrated in 
_ Fig. 5. As was the case for the cyanide effect shown in this same figure, the 


put iy ar i 


KCl Lob ACh NaCN KCI Lob ACh NaCN 
Fig. 4. Cat; nembutal; vagi cut; atropine 1 mg/kg. Records: tidal air (spirometer); blood 
pressure. Intravenous injection of KCI (2-4 mg), lobeline (0-5 mg), acetylcholine (1 mg) and 
sodium cyanide (1 mg) before and after hexamethonium (15 mg/kg). Note that hexa. 
methonium suppresses the respiratory resp to lobeline and acetylcholine but not those to 
KCl and NaCN. The presence of sympathetic block after hexamethonium is well illustrated 
by the abolition of the pressor response to acetylcholine. 


response to acetylcholine injected into the perfusion stream was established 
and already diminishing before the acetylcholine reached the circulation of 
the perfusing cat, and the respiratory response recorded must therefore be 
attributed to carotid chemoreceptors. Since the perfusing cat is atropinized 
(1 mg/kg), the subsequent entry of 100 yg acetylcholine into its circulation is 
unlikely to have caused any marked change in systemic blood pressure which 
might modify greatly the course of this chemosensory response. ° 
Potassvum 

Intravenous injection of 1-2-2-4 mg KCl (1-2% in Ringer-Locke solution) 
was found to stimulate respiration. In some cats the action was feeble, in 
others well pronounced, but it was always more fleeting than the response to 
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nicotine, lobeline or acetylcholine. It was a reflex effect and could be abolished 
by cutting the vagi and sinus nerves. Stimulation of respiration could also 
be obtained by injecting a smaller amount of KCl into a common carotid 
artery through a cannula inserted into the thyroid artery. In such experiments 

_ the external carotid distal to the lingual artery was tied to prevent access of 
potassium chloride to the brain by this route and, by slowing the flow, to 
prolong its local action. This method gave a longer-lasting effect which was 
— by dividing the sinus nerve. 


ACh NaCN ACh NaCn 


Fig. 5 

perfused by a second nembutalized cat which has also been atropinized (1 mg/kg). Records: 
tidal air (spirometer); blood pressure of perfused cat. Injection of acetylcholine (0-1 mg) and 
sodium cyanide (0-2 mg) into the perfused region through the thyroid artery. Note that after 
injecting hexamethonium (20 mg/kg) into the perfusing cat, the response to ee is 
much reduced but that to sodium cyanide unaffected. 

Fig. 6. Cat; nembutal; vagi cut. Records: tidal air (spirometer); blood pressure. Injections of 
lobeline (20 yg) and KCl (120 yg) into the right carotid artery (external carotid artery tied) 
before and after hexamethonium (15 mg/kg). Note that the respiratory stimulant action 
of lobeline is no longer present after hexamethonium but that the response to KCl persists. 


It was found that intravenous injection of hexamethonium (15 mg/kg) was 
without effect on the respiratory response to KCl given by the intravenous or 
_ intracarotid routes (Figs. 4 and 6). 


DISCUSSION 


| ~The results show that the ganglion-blocking compound, hexamethonium, 
aifects the response of the carotid body to certain stimuli but not to others. 
_It abolishes the stimulant actions of lobeline, nicotine and acetylcholine, but 
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does not interfere with those of oxygen lack and cyanide. Any theory of 
transmission of carotid body responses must take these facts into consideration. 
_ If the chemosensory afferent pathway from the oxygen-sensitive elements 
in the carotid body were to involve synaptic transmission akin to that 
occurring in the autonomic nervous system, then one would expect hexa- 
methonium to block the respiratory stimulant effect of oxygen lack. However, 
hexamethonium in doses much greater than those causing profound block of 
sympathetic and parasympathetic ganglia (Paton & Zaimis, 1951) failed to 
exert any apparent action on the carotid body responses to anoxia or cyanide. 


- ig synaptic, unless one assumes that the postulated synapse has a resistance to 


hexamethonium so great that it escapes entirely the effects of doses blocking a 


even the more resistant ganglia, such as those of the cardiac vagus. 
If, as Euler et al. (1939), have concluded, the site of action of acetylcholine 
- and other substances with nicotine-like action were a synapse on the afferent 
_ pathway from the oxygen-sensitive cells, then it would be exceedingly difficult 
~ to explain how this synapse can be rendered unresponsive to these substances 
_ by hexamethonium and yet transmit impulses from the oxygen-sensitive cells, 
especially as acetylcholine is suggested to be the chemical transmitter 
(Liljestrand, 1951). 

The results obtained with hexamethonium thus support neither the hypo- 


- thesis of ganglionic transmission nor the assumption that substances with — 


nicotine-like action act at a point central to oxygen lack. It would appear 
that the pathway from the oxygen-sensitive elements of the cat’s carotid body 
runs to the respiratory centre uninterrupted by any ganglion-like synapse. 
This, in fact, is the conclusion which De Castro (1951) has arrived at as a result 
of his histological studies. 


The mechanism of the carotid body stimulant action of nicotine-like drugs 

If the presence of a ganglion-like relay on the afferent pathway signalling 
oxygen lack is to be discounted, an explanation of the carotid body stimulating 
action of nicotine, lobeline and acetylcholine other than that offered by 
Kuler e¢ al. (1939) must be sought. 

It is possible that drugs with nicotine-like action stimulate afferents arising 
in the carotid body region quite distinct from those normally signalling oxygen 
lack. But this seems unlikely, for the reflexes initiated by these drugs and 
those set up by oxygen lack are very similar. It seems more probable that all 
these stimuli activate the same afferent group. If this is the case, then it is 
necessary to explain how substances such as acetylcholine and nicotine, whose 
action is generally considered to be confined to ganglion-like structures, 
excite a sensory pathway devoid of such elements. An answer seems to be 
provided by the evidence that nicotine and acetylcholine can excite nerve 
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endings in the cat’s skin where no ganglia occur (Coon & Rothman, 1940; - 
Brown & Gray, 1948) and that this response of the skin nerves can be blocked 

by nicotine (Brown & Gray, 1948) or by hexamethonium (W. W. Douglas & 
J. A. B. Gray, unpublished). Such evidence makes it unnecessary to postulate 
the presence of a ‘synapse’ to account for the carotid body stimulant effect of 
substances acting like nicotine or to explain the action of hexamethonium in 
preventing this effect. The actions of these drugs may well be on the oxygen- 
sensitive glomus cells or their afferent nerves. It is possible, however, that there 
are anatomically distinct peripheral elements, some responding to oxygen lack, 
and others to drugs with nicotine-like action, for a single afferent fibre may 
~ serve several glomus cells (De Castro, 1951) and glomus cells differ histologically 
one from the other (Koelle, 1951; Kock, 1950). But whatever may be the 
morphological basis of the sensitivity to acetylcholine, nicotine or lobeline, 
this sensitivity, being selectively abolished by hexamethonium, must be con- 
sidered a property additional to the normal function of signalling oxygen want, 
rather than a consequence of the processes involved in this normal function. 
This behaviour of the carotid body is quite analogous to that of the sensory 
nerve fibres of the skin; these also maintain their normal sensory function, 
i.e. response to touch, after their sensitivity to nicotine and acetylcholine has been 
abolished (Brown & Gray, 1948; W. W. Douglas & J. A. B. Gray, unpublished). 

Euler et al. (1939), assuming K+ to be a ‘synaptotropic agent’, considered 
the sensitivity of the chemosensory reflex to K+ as further evidence of ganglia 
on the carotid body afferent path mechanisms. There is, however, even less | 
ground for considering potassium to have a specific site of action at ganglia 
than for holding compounds with nicotine-like action to act exclusively in 
this way. Brown & MacIntosh (1939) have in fact shown that potassium 
stimulates nerve fibres in continuity. 

The persistence of the carotid body response to oxygen lack or to K+ in the 
presence of hexamethonium shows that the effect of hexamethonium on the 
carotid body response to nicotine, acetylcholine or lobeline is not due to an 
unspecific local anaesthetic action. Hexamethonium probably blocks the 
action of these drugs by virtue of s some structural similarity with their sensory 


excitant groupings. 


The possible role of acetylcholine in peripheral chemosensory function 

Schweitzer & Wright (1938), without envisaging synaptic transmission, 
suggested that acetylcholine is somehow involved in the processes which set 
up activity in the chemosensory fibres of the sinus nerve. Although their view 
was to some extent based on the stimulant action of injected acetylcholine— 
an action which has less significance now that it is known that it can be 
abolished without interfering with normal function—it may yet prove to be 
correct. Some effects of eserine and atropine on the carotid body (Kaindl & 
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Werte) 1948; Liljestrand, 1951) support their theory. On this more general 
view of acetylcholine involvement in chemoreceptor function—a view which 
does not attribute to acetylcholine the role of chemical transmitter at some 

ganglion-like synapse—the action of hexamethonium sheds little light. 
De Castro’s (1951) morphological interpretation of the cat’s carotid body 
mechanisms shows the afferent chemosensory neurone to have origin within 
the glomus cell. If this be the site of endogenous acetylcholine action, it may 
well escape the influence of hexamethonium. Hexamethonium does not 
readily penetrate the cellular membrane: in the body it distributes itself in 
the extracellular space (W. D. M. Paton, personal communication). Similarly, 
acetylcholine is unlikely to stimulate the intracellular part of the afferent 
neurone. Abolition of the response to injected acetylcholine such as occurs 
with hexamethonium is therefore not incompatible with intracellular acety]- 
choline transmission of anoxial responses. 


SUMMARY 


1. The effect of the ganglion-blocking compound hexamethonium oh the 
carotid body afferent mechanisms has been studied in the cat under pento- 
_barbitone anaesthesia. 

2. The carotid body responses to nicotine, lobeline and acetylcholine are 
greatly reduced or abolished by hexamethonium. 

3. Carotid body responses to anoxia or cyanide, however, are unaffected 
by hexamethonium, even in doses causing profound block of autonomic 


4. The stimulant action of KCl persists after hexamethonium. 

5. The selective abolition of the response to the drugs with nicotine-like 
effects indicates that these do not act at a synapse on the chemosensory 
afferent path. An alternative explanation is offered for their stimulant action 
and that of K+. 

6, It is concluded that the afferent impulses set up in the carotid body by 
oxygen lack are not transmitted through synapses similar to those of ganglia 
in the autonomic nervous system. 
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EFFECT OF DIURETICS IN NEW-BORN 
RATS AND PUPPIES 


By 8. E. DICKER 
From the Department of Eharesconegy. University ore London 


(Received 19 May 1952) 


Heller (1947) and McCance & Wilkinson (1947) have shown that in new-born 
rats the diuretic response to water was either much diminished or even absent. 
Heller (1949) also showed that the mean specific gravity of urine of new-born 
rats did not increase significantly during dehydration, and that exogenous 
vasopressin did not act on the renal tubules of new-born rats as in older 
animals or in adults (Heller, 1951). Estimation of the glomerular filtration 
rate (G.F.R.) in new-born rats was not attempted, and it was therefore possible 
that the inability of the kidneys of new-born animals to respond to changes of 
hydration might be partly due to a low rate of glomerular filtration. 


The present series of experiments are concerned with the actions of various © 


diuretics on G.F.R. in — rats and in puppies. 


METHODS 


Animals, Suckling rats and puppies were left with their mothers until just before they were 
used for experiment. New-born rats in which no milk in the stomach could be seen through the 
abdominal wall were discarded. 

Urine collection from new-born rats. Two methods were used. First, the bladder of the new-born 
animals was emptied before the beginning of the experiment, by gentle compression and stroking 
of the perineum (McCance & Wilkinson, 1947). In a series of twenty-four control animals complete 
emptying of the bladder was achieved. Secondly, no attempt was made to empty the bladder 
before the beginning of the urine collecting period. In both methods, a ligature was put on the 
penis just before the beginning of the experiment. The animals were then put into small beakers 
and kept at a temperature of 30-31° C. At the end of the period of urine collection, the heads of 
the animals were snipped off and the urine withdrawn by bladder puncture. When using the 
second method of collection the volume of urine represented the urine produced during the 
collection period plus that which was in the bladder prior to the ligature of the penis. In a series 
of forty-eight new-born rats (aged 24 hr) the residual urine in the bladder amounted to 0-50 -+ 
0-049 ml./100 g (8.2. of mean of forty-eight observations), a value which is comparable with that 

f ound by Heller (1947) in another series of twenty-five new-born rats. The amount of urine 
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excreted during the period of observation was calculated by subtracting the mean value for the 
residual urine, i.e. 0-50 ml./100 g, from the total volume of urine collected. 

The first method was adopted eventually as being easier. No significant difference was found 
in the measured volume of urine collected over the same period of time whichever method was 
Urine collection from puppies. Puppies were injected intraperitoneally with 10 ml./kg chloralose 
(1% solution in 09% NaCl). In very young puppies (24-72 hr old) it was found that catheteriza- 
tion of the ureters invariably produced prolonged anuria.. For this reason, the bladder was can- 

entering ureters (Eggleton & Habib, 1949). 

Administration of water. When water was administered, puppies were given tepid water by 
stomach tube, while in new-born rats water was usually injected into the stomach through the 
abdominal wall (Heller, 1947). In a few cases only was it found possible to give water by stomach 
tube. 
| : Estimations of inulin clearance 

(a) In suckling rats, 2-0 ml./100 g of a 5% solution of inulin in 0-9% (w/v) NaCl was injected 
subcutaneously 60 min before the penis was ligatured, i.e. before the collection of urine was begun. 
This time was allowed for the absorption of inulin and its distribution into the extracellular fluid 
space. The amount of blood that could be collected from a single new-born rat was too small to 
permit a reliable estimation of its inulin content; blood samples from four to six animals therefore 
were pooled. In each experiment half of the new-born rats were killed just before the beginning 
of the period of urine collection; i.e. at about 60 min after the inulin injection, and the remainder 
at the end of the experiment. Inulin was estimated in both blood samples. The mean of the two 
plasma inulin concentrations was used for the calculation of inulin U/P ratio. The collection 
period generally lasted 4 hr. Inulin was estimated in the urine withdrawn by bladder puncture 
_at the end of the experiment. In those experiments where the bladder had not been emptied 
before ligature of the penis, the inulin concentration was calculated according to the following 
formula (Dicker & Heller, 1951): O.xV 

(1) 


where C ,=true concentration of inulin in urine (mg/100 ml.), C,=the estimated concentration 
of inulin (mg/100 ml. in urine), V ,=volume of residual urine (ml./100 g) found in the bladder of 
a control series of suckling rats killed just before the beginning of the experiment, i.e. 0-50 ml./100 g 
(see above), and V = total urine volume (ml./100 g) withdrawn from the bladder at the end of the 
experiments. 

of new-born rats (Newman, Bordley & Winternitz, 1944). No collection of urine was attempted. 
Since it had been shown in a series of control experiments that the highest plasma inulin concentia- 
tion occurred 60 min after inulin injection, half of the new-born animals were killed at that time. 
Their pooled blood (P,) was collected in a heparinized tube. The remainder were killed 6 hr after 
the inulin injection and their blood collected (P,,). Inulin was estimated in the two plasma samples 
P, and P,, and its concentration (mg/100 ml.) expressed as a natural logarithm. As shown by 
Newman et al. (1944), the logarithm of the concentration in the plasma is a linear function of time. 
The value of the slope of the line S, was 

ain (Pd) 


(2) 


As the value of the slope, S, is the function of both the inulin clearance, C, and the volume of 
extracellular fluid, Z, it is possible from the value S to estimate that of the glomerular filtration 


(©): 
S= i 


and C=SxE. (4) 
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(b) In anaesthetized puppies, after a priming intravenous injection of inulin (5% inulin in 
saline), a continuous slow intravenous infusion of inulin was maintained so that little change in 
the plasma inulin concentration was observed, Duration of period of urine collection varied with 
rate of urine flow. Blood samples for inulin estimation were collected from the femoral vein at 
the beginning and the end of each collection period. The calculation of the mean plasma inulin 
concentration and the clearance followed that described by Smith (1951). 

Water reabsorption, The method for calculating tubular reabsorption of water (T'w) was that 
described previously (Dicker, 1948). . 
Analytical methods. Inulin was estimated by the method of Smith, Goldring & Chasis (1938), 
chloride by the method of Whitehorn (1921), urea by the method of Lee & Widdowson (1937), 
and urinary freezing-point depressions (A) with a Beckman apparatus. Values for A were con- 
verted into milli-osmolar concentration by the usual formula: 

C (in m.osmole/l.) = A/1-86 x 1000. 

Statistical treatment. Results are given as means and their standard errors. ‘Student’s’ test ‘ 
for small sample as described by Fisher (1944) was used for estimating the significance of means. 
The probability P for ¢ was obtained from Fisher & Yates (1943) tables. 
Drugs studied. Sodium cyanate was administered in doses of 0-3 ml./100 g body weight of 
a 0-75 m solution. The dose of theophylline sodium acetate given was 0-01 m.mole/100 g and that 
of potassium acetate 0-1 g/100 g. Solutions of sucrose, sodium chloride and urea were always 

administered in the same amount, 5-0 ml./100 g; their concentrations varied from 2-5 to 20% for 
sucrose and from 2-5 to 5% for urea and sodium chloride. ; : 
All drugs used were injected subcutaneously. 
Definition of terms. The word ‘new-born’ was confined to animals 24-30 hr old. The word 
‘infant’ referred to animals at least 5 days old. 

The standard amount of water (or of a solution) was equal to 5-0 ml./100 g body weight. The 
control animals received an equal volume of saline. _ 


"RESULTS 
Effect of sodium cyanate on new-born and infant rats 


The volume of urine excreted in thirty-seven control new-born rats was 
0-0027 + 0-00029 ml./100 g/min and that of twenty-nine new-born injected 
with sodium cyanate amounted to 0-0030+0-00040 ml./100 g/min. Sodium 
cyanate had thus no diuretic effect in new-born rats. In infant rats, however, 
sodium cyanate produced a diuresis, the mean urine flow being increased from 
the control value of 0-0028 + 0-00037 (21) ml./100 g/min to 0-0044 + 0-00051 
(14) ml./100 g/min. It will be noted that the urine flow of control new-born 
pric ayy rats injected with similar amounts of saline were about the same 
(Table 1). 
Sodium cyanate reduced the inulin clearance from 0-107 +0-0080 ml./ 
100 g/min in thirty-seven control new-born rats to 0-071+0-0051 (15) ml./ 
100 g/min. A decrease of G.¥.R. was also observed in infant rats, from the 
control value of 0-183 + 0-0166 (21) ml./100 g/min to 0-151+40-0114 (14) ml./ 
100 g/min, under the influence of sodium cyanate. 

In both new-born and infant rats the injection of sodium cyanate produced 
an increase of the urinary chloride excretion. 
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TaBxe 1. Effect of hydration and of some diuretios on urine flow and glomerular filtration 


rate in new-born and infant rats 
Urine flow G.F.R. Tw 
Treatment (ml./100 g/min) (ml./100 g/min) (%) 
New-born rats 5% body wt. 0-0027 0-107 97-5+0-38 
| saline (37) +0-00029 +0-0080 
5% body wt. 0-0030 0-100 97-:0+0-76 
water (13) +0-00053 +0-0079 
Infant rats 5% body wt. 0-0028 0-183 98-5+0-21 
saline (21) +0-00037 +0-0166 
5% body wt. 0-0050 0-220 97:-5+0-43 
water (12) +0-00301 +0-0147 
New-born rats (15) Sodium cyanate 09-0030 0-071 95-8 + 1-40 
+0-00041 +0-00514 
Infant rate (14) Sodium cyanate 0-0044 0-151 97-140-73 
+0-00051 +0-01137 
New-born rats Theophylline 0-0035 0-104 966+40-59 
hydrated (12) sodium acetate +0-00078 +0-0114 
Infant rats Theophylline 0-0050 0-233 97-5+0:56 
hydrated (16) sodium acetate +0-00085 +0-0102 
New-born rats (16) Potassium acetate 0-0032 — 0-090 96-4 +0-83 
+0-00441 +0-0012 
Infant rats (11) Potassium acetate 0-0067 0-176 96-2+0-59 
+0-00034 +0-0113 


Number of experiments in parentheses. 


Theophylline sodium acetate on new-born and infant rats 

Theophylline sodium acetate had no diuretic effect on non-hydrated new- 
born or infant rats, which thus resemble adult rats (Dicker, 1946). New-born 
animals were, therefore, hydrated by injecting the standard amount of water 
directly into the stomach through the abdominal wall (Heller, 1947); in infant 
rats, it was administered through a fine polythene stomach tube. The adminis- 
tration of water was followed by the injection of theophylline sodium acetate. 
The urine volume collected by bladder puncture was compared with that of 
control animals which had been hydrated and injected with saline only. | 

Heller’s (1947) and McCance & Wilkinson’s (1947) findings were confirmed: 
new-born rats did not respond to the administration of water by a charac- 
teristic water diuresis; suckling rats of 5 days old responded by a small, but 
significant, diuresis. Theophylline sodium acetate had however no diuretic 
effect, even when administered to hydrated new-born or infant rats. 

The effect of theophylline sodium acetate on G.F.R. was investigated in 
hydrated new-born animals only. For this purpose the effect of water adminis- 
tration alone had first to be ascertained. As might be expected from the 
absence of a diuretic response to water in new-born rats, there was also no 


Tesponse in the inulin clearance (Table 1). In infant rats, however, administra- 


tion of water increased G.F.R. from 0-183+0-0166 (21) ml./100 g/min to 
0-220 + 0-0147 (12) ml./100 g/min. 
Injection of theophylline sodium acetate into such hydrated new-born or 
25—2 
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infant rats had no significant effect on ¢.¥.R. This was in contrast with findings 
in adult rats, where theophylline sodium acetate produced a significant increase 
of the rate of glomerular filtration (Dicker, 1946). No significant effect of the 
drug on the chloride excretion was observed. — 


Potassium acetate on new-born and infant rats 


Potassium acetate injected subcutaneously into non-hydrated new-born 
rats had no diuretic effect. In infant rats, however, potassium acetate pro- 
duced a significant diuresis: the urine flow rose from 0-0028 + 0-00037 (21) ml./ 
100 g/min to 0-0067 + 0-00034 (11) ml./100 g/min. In spite of this diuresis, 
G.F.R. remained unaffected (Table 1). 


Effects of osmotic diuretics on new-born and infant rats 

Sucrose in doses of 5 ml./100 g of a 20% solution was injected subcutaneously 
into new-born and infant rats. The volume of urine formed in 6 hr was com- 
pared with that of a series of control animals which had received comparable 
amounts of saline. In control animals the volume of urine found in the 
bladder after 6 hr was much the same whether they were 24 or 120 hr old; it 
amounted to 1:86+0-110 (23) and 1-77+40-582 (18) ml./100 g respectively 
(mean of all control rats: 1-82 + 0-084 (41) ml. [100 g). This = confirms 
that reported above. 

After injection of sucrose, however, the urine volume ‘edcaaal significantly 
to. 2-96 + 0-123 (18) ml./100 g in new-born rats and to 4-00 + 0-134 (15) ml./ 
100 g in infant rats. Thus sucrose had a marked diuretic effect in both new- 
_ born and infant rats, the effect being smaller in the new-born than in me 
infant rat. 

‘It was thought that the difference in the response of new-born and infant 
rats to sucrose might be due to a difference of threshold. In order to test this 
possibility, series of new-born and infant rats were injected subcutaneously 
with solutions of sucrose of various concentrations, and their urine volume 
collected after 6 hr compared with that of control animals injected with saline. 
In new-born rats, the smallest significant (¢ = 3-813) diuretic effect was observed 
after injection of 5-0 ml./100 g of a 10% solution of sucrose, whereas in infant 
rats, a significant diuretic effect followed the administration of a similar 
volume of 5% solution of sucrose (t= 4-055). In adult rats, diuresis could be 
detected after injection of 5-0 ml./100 g of only a 2% solution of sucrose. 

Urea, injected subcutaneously in different concentrations into new-born and 
infant rats, increased the urinary excretion. In new-born rats the smallest 
significant (t= 3-879) diuretic effect followed the injection of 5 ml./100 g of 
a 5% solution of urea, while in infant rats it required the equivalent volume 
of only a 2-5 % solution of urea (Table 2). Similar results were obtained after 
subcutaneous injections of solutions of sodium chloride. 
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injected with hypertonic solutions of urea 
sh 
5-0 ml. 
5 NaCl 1-82 18-6 
1 5% urea 2-05 28-9 
5 5% urea 3°70 65:8 
1. 108 urea 2-83 39-5 
5 urea 4:90 86-4 


In new-born rats, no appreciable decrease in the osmolarity of the urine 
occurred after injection of solutions of 10% sucrose or 10% urea, confirming 
_ previous findings of Hervey, McCance & Tayler, 1946; McCance, 1948; Dean 
_ & McCance, 1947; Heller, 1947, 1949; McCance & Wilkinson, 1947. In 5-day- 
old sucklings, however, injections of sucrose or urea produced a decreased 
concentration of the urine (Table 3). 

TaB_ez 3. Effect of the injection of sucrose on the urine volume and its concentration 
in new-born and infant rats 


Urine volume Osmotic pressure 
(ml./100 g/min) §_(m.osmole/I.) 
New-born rats Controls (6) 0-0052 559 


After sucrose (6) 0-0082 550 

Infant rats Controls (6) 0-0054 530 
| After sucrose (6) 0-0111 333 
Number of animals in parenthesis. | 


In order to determine whether the diuretic responses observed in suckling 
rats were the result of an increased G.F.R., of a decreased rate of tubular water 
reabsorption, or of a combination of both, G.F.R. in osmotic diuresis was 
investigated both by estimating the slope of disappearance of inulin in plasma 
(see methods), and by estimating the value for inulin U/P ratios and calculating 
_ the inulin clearance. To facilitate comparison, all animals received the same 
dose of inulin: 2-0 ml./100 g of a 5% solution in saline. 

Fig. 1 shows three typical slopes of plasma inulin concentration in new-born, 
in infant, and in adult rats. The value of the slope (S) was the smallest in new- 

_ born rats, with a mean value of 0-0035 per min, while it was 0-0049 per min in 
infant rats and 0-0320 per min in adult animals. Assuming that the volume of 
extracellular fluid in which inulin was distributed was about 30 ml./100 g body 
weight in a new-born animal and about 18 ml./100 g body weight in an adult 
(Shohl, 1939), it was possible to calculate (see methods, equation (4)) their 
respective filtration rates: they were 0-105-ml./100 g/min in new-born rats, 
0-148 ml,/100 g/min in infant rats and 0-576 ml./100 g/min in an adult rat, 

These values compare well with those found by estimating the inulin 
clearances, which were 0-107 + 0-0080 (37) ml./100 g/min in new-born rats and 
- 0-55 + 0-043 (11) ml./100 g/min in adult rats. After injection of either sucrose 
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(20%), urea (10%) or sodium chloride (5%) in new-born rats no appreciable 
changes in G.F.R. as indicated by inulin clearance or by *S’ could be found. 

In infant rats, however, the diuresis following the administration of either 
sucrose, urea or sodium chloride was accompanied by an enhanced G.F.R., the 
values of both the inulin slope in plasma (S) and of inulin clearance being 
increased. After injection of sucrose, for instance, the mean value for inulin 
clearance rose from 0-183 + 0-0166 (21) ml./100 g/min to 0-205 + 0-0155 (9) ml./ 
100 g/min (t= 2-267), and the mean value of the slope of inulin increased from 
0-0049 to 0-0092 per min. 


Plasma inulin (mg/100 mi.) 


60 120 180 240 300 360 
Time in minutes 


Fig. 1. Slopes illustrating the change in plasma inulin after a subcutaneous injection of inulin in 
new-born, infant and adult rate. @©—®@: new-born rat, § =0-0035/min, G.¥.z. =0-105 ml./ 
100 g/min; A—A: infant rat, S =0-0049/min, G.¥.2. =0-148 ml./100 g/min; @---@: adult 
rat, S=0-0320/min, ¢.¥.R.=0-576 ml./100 g/min. (The ordinate is natural logarithm scale.) 
Vertical lines indicate standard errors of means. Number of experiments in brackets. 


The effects of sucrose on renal function in puppies 

Puppies resemble new-born rats and children in showing little or no diuretic 
response to administration of water (5% body weight) (Adolph, 1943; Heller, 
1947; McCance & Wilkinson, 1947). This has been confirmed. Sucrose, how- 
ever, has a potent diuretic action; this was observed in a puppy of 36 hr and 
the effect increased with increasing age, as shown in Table 4. 

In the absence of a diuretic, the inulin clearance increases with age: in 
a 5-day-old puppy it was 0-90 ml./kg/min, while at 25 days it was 3-09 ml./kg/ 
min, and in adult dogs 5-00 ml./kg/min, which agrees with that found by 
Shannon & Winton (1940). An intravenous infusion of a 20% solution of 
sucrose had no significant effect on G.¥.R. in adult dogs, but in puppies it always 
produced an increase, which was more pronounced at 5 days than at 25 days. 
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: In a5-day-old puppy, however, the highest values of inulin clearance, estimated 
at the peak of the diuresis, were still significantly lower than those found 
_ during ‘basal’ urinary excretion in a 25-day-old puppy (Table 4). 


Taste 4. Changes in urine flow and glomerular filtration in chloralosed puppies 


Urine flow G.F.R. 

Urine flow increase G.F.R. increase 
Age Treatment (ml./kg/min) (%) (mil./kg/min) (%) 
36 hr Before sucrose 0-017 
After sucrose 0-060 250 
48 hr Before sucrose 0-010 — we Pe 
After sucrose 0-084 740 — — 
5 days Before sucrose 0-015 —_ 0-90 ion 
After sucrose 0-134 790 2-47 175 
9 days Before sucrose 0-021 — 1-30 oe 
After sucrose 0-200 850 3°22 145 
18 days Before sucrose 0-032 
, After sucrose 0-334 940 3-70 40 
25 days Before sucrose 0-037 — 3-09 
_ After sucrose 0-494 1240 4°31 40 


The question then arose as to whether the increase of inulin clearance 
observed in puppies during the administration of sucrose could account 
entirely for the enhanced diuresis, or whether this was in part due to a 
decreased rate of water reabsorption by the tubules as in adult dogs. If the 
increased G.F.R. were responsible for the enhanced diuresis in puppies, no 
correlation should be observed between inulin U/P ratio values and water 
excretion. That this was not the case can be seen from Fig. 2: decreasing 


o 
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Inulin U/P ratios 
«Rig. 2. Comparison between water excretion and inulin U/P ratio in adult dogs and puppies. 
Before infusion of sucrose in adult dogs, @; and puppies, 4. During infusion of sucrose 
(1-0 g/100 g) in adult dogs, ©; and puppies, A. a 
percentage of the glomerular filtration rate.) 
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inulin U /P ratio values were accompanied by an increased excretion of water. 
- Thus the main process of ‘osmotic diuresis’ appeared to be much the same in 
puppies as in adult dogs, the difference between them being mainly quan- 
titative: the values for inulin U/P ratios decreased less in the former than in 
the latter. ‘Moreover, the freezing-point (A) of urine samples, and hence their 
osmolar concentration, showed little dilution in puppies (5-9 days old) after 
injection with sucrose. Similarly, for comparable values of inulin U/P ratios, 
the urinary concentration of chlorine and sodium was greater in very young 
puppies than in older animals. However, by 25 days the renal response to 
sucrose administration was much the same as in older animals. __ 


DISCUSSION 


There would seem to be a contradiction between the present results and those 
found by McCance & Wilkinson (1947), who claimed that the administration 
of osmotic diuretics did not produce a diuresis in new-born rats. The circum- 
stances of McCance & Wilkinson’s experiments were however different from 
those described here, for these authors gave solutions of 10% NaCl and 20% 
urea by stomach tube. In our experiments the subcutaneous injection of 
sodium chloride or urea of such concentrations proved to be toxic: in all cases, 
new-born rats were found dead before the end of the experiment. When 
administered by stomach tube, solutions of 10% NaCl or 20% urea produced 
both in infant and adult rats an abundant diarrhoea which led to an acute 
state of dehydration (McCance & Robinson, 1950), and no diuresis followed. 
McCance & Wilkinson also used young animals which ‘were taken away from 
their mothers as soon as the last member of the litter had been born. They 
were unfed.’ In the present experiments, new-born rats were never removed 
from their mother before they were 24 hr old, and only those which had 
suckled were used. They were thus neither unfed nor dehydrated. 

When ‘osmotic diuretics’—such as sucrose, sodium chloride or urea—were 
given to new-born rats a significant diuresis was observed, without any 
evidence of change in G.¥.R. This would suggest that the tubules responded 
to an osmotic stimulus. Their diuretic response, however, was smaller than 
that of infant or adult rats. As the mean value of G.¥.R. in new-born rats was 
markedly lower than that of infant or adult rats, it is clear that the tubules of 
new-born animals were receiving less sucrose, sodium chloride or urea, and 
hence the osmotic stimulus was smaller. This view agrees with Shannon’s 
(1942) statement that ‘the burden presented to the tubules is. quantitatively 
determined by composition and rate of formation of glomerular filtrate’. 
It might explain also McCance & Wilkinson’s (1947) results, according to 
which the administration of 10% sodium chloride or of 20% urea to new- 
born rats did not produce a significant diuresis: none of McCance & Wilkinson’s 
animals had suckled and were thus 24 hr younger than those used in this work. 
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Though no indication as to the rate of their glomerular filtration was given, it 
ean be assumed that it was, if anything, even smaller than mes found i in the 


present series. 

It would thus seem that the renal tubules of new-born and infant rats, as 
well as those of puppies, respond to the stimuli of hypertonic solutions in the 
game manner as do those of adults, but that the response of the tubular cells 
is limited by the amount of glomerular filtrate that reaches them. 


| _ SUMMARY 
1. Sodium cyanate, potassium acetate and theophylline sodium acetate 
had no diuretic effect when injected subcutaneously into new-born rats. When 


injected into infant rats, potassium acetate alone had a diuretic effect. 


2. Sucrose (20%), urea (10%) and sodium chloride (5%) injected sub- 


- eutaneously produced a diuresis in new-born and infant rats. The diuretic 


effect was more pronounced in infant than in new-born rats. _ 
8. The glomerular filtration rate (¢.¥.R.) per 100 g body weight was lower 
in new-born than in infant rats, and less in infant than in adult rats. 

4, Sucrose, urea, or sodium chloride increased the G.¥.R. of infant rats but 
not that of new-born rats. 

5. The intravenous injection of sucrose (1-0 g/100 g body weight) in 
anaesthetized puppies produced a marked diuresis, which was least in very 
young puppies, intermediate in older puppies and greatest in adult dogs. 

6. The G.¥.R. was greater in older than in young puppies, but greater still 


in adult dogs. 


7. Intravenous infusion of sucrose in puppies increased the G.F.R.; in adult 
dogs, it remained unchanged. 

8. The small response to osmotic diuretics in new-born and infant rats, and 
in puppies, may be the result of the low G.F.R. 


The author wishes to thank Miss Joan Nunn for her skilful technical help. 
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THE SPECTRAL SENSITIVITY OF DARK-ADAPTED CATS 


By RALPH GUNTER 
From the Group for Research in the Physiology of Vision, Medical Research 
Council, Institute of Ophthalmology, Judd Street, London, W.C. | 


(Received 21 May 1952) 


By the method of electrophysiology Granit (1945) has obtained evidence in 
the cat’s eye of the presence of activity of specialized mechanisms which 
exhibit selective sensitivity to wave-length. Using this procedure, a great deal 
of information on the spectral distribution of sensitivity of receptor organs in 
different states of adaptation has been accumulated. 

The spectral sensitivity curve is likely to correspond to a reaction of the 
retina which manifests itself as a measurable electrical response; however, 
from a physiological point of view, these responses provide information only 
about retinal activity. The electrical method cannot tell us what the animal 
actually sees, because the function of seeing involves more than just the 
generation of electrical impulses. It is the interpretation of these impulses by 
the higher centres of the living animal which constitutes ‘seeing’ in its proper 
sense. In the present experiment, the ‘training method’ has been employed 
to obtain quantitative data on the sensitivity of the dark-adapted cat to 
lights of different wave-length. It is the aim of this experiment to determine — 
to what extent the action potentials found in the cat’s retina for this function © 
do, in fact, correspond to the process of ‘seeing’ in the living animal. 


METHOD 
In this apparatus the stimulus lights of different intensities were projected on a milk-glass screen, 
situated in each of the two doors of a Y-shaped discrimination apparatus. The animal made its 
- Choice by pushing open one of the doors and obtaining a food reward behind the one bearing 
the positive stimulus, A detailed description and a diagram of the apparatus are given in an earlier 
publication (Gunter, 19514). 

Controls 

The precautions taken to ensure equality of olfactory stimulation, and the tests for prevention 

of light-adaptation and for light-tightness of the apparatus, were the same as those carried out 
previously 
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Secondary cues. As in the earlier experiment, absence of secondary cues was confirmed by 
obtaining random responses by all test animals to subthreshold intensities and to absence of 
illumination on both stimulus panels. From these results it may be concluded that the effective 
stimulus was, in fact, light. 

Infra-red sensitivity. Since all filters, especially, however, the red filter (Ilford spectrum 608) 
used in this investigation, transmit infra-red radiations, it was necessary to investigate the animals’ 
sensitivity to these radiations (Gunter, 1951). Having ascertained that the animals would con- 
sistently respond positively to darkness when presented simultaneously with white light on the 
other stimulus panel, the response of these dark-adapted animals to two infra-red stimulus 
situations was determined. The results obtained indicated that no discrimination was possible 
between darkness and infra-red, the animals giving random responses. A consistent positive 
response was given to infra-red presented simultaneously with white light of various intensities 
down to threshold level. For these experiments the heat-absorbing Chance glass (ON 20), which 
absorbs 95% of the infra-red, was removed from the optical system. The amounts of infra-red 
used appeared absolutely invisible to two human observers who were as dark-adapted as the 
animals, 

The evidence on the whole indicsled that infra-red in the smounts used in the experiment had 
no visual stimulus value to the animals. 


in such a way as to cut out the stimulus light as soon as the animal opened them. As a check for 
the onset of light-adaptation, repeated measurements of the sensitivity to the blue-green light 
stimulus were made. These radiations represent maximal stimulus value to the rod system of the 
indicate a decrease in dark-adaptation. 


the present investigation. In addition to controlling the light intensity by means of optical wedges 


for further small adjustments of the light intensity. 7 


- In order to run the light source at its rated voltage the same arrangement as used in the earlier 
threshold investigation was again employed. In addition to voltage control, an attempt was made 
in the present experiment to control also the light output of the lamps by means of two photocells . 
(one attached. to each light-source) and connected to a microammeter. Any variations in the 
luminous intensity output was compensated by means of the iris diaphragm in the lens system. 

The stimulus 

The coloured (variable) stimulus was provided by light of eight spectral regions, isolated by 
means of calibrated Ilford spectrum filters, nos. 601 to 608, placed in the beam of the source which 
was a 12 V 36 W car lamp, having a colour temperature of 2950-3100° K. The intensity of this 
stimulus could be varied by means of neutral density filters and optical wedges. Their total trans- 
mission had been determined under conditions of use in the experimental apparatus. The white 
light (constant) stimulus was obtained from the source run at constant voltage. Its luminous 
intensity was kept constant at 0-01 f.c., measured at the stimulus panel. It is clear from these con- 
siderations that the relative amount and the spectral characteristics of the radiant energy incident 


on the stimulus panel are a function of the energy distribution of the source, the transmissivity 
of the colour filter and the transmission characteristics of the various parts of the optical system. 
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Procedure 

Four animals (three females, one male), their ages ranging between 2 and 3 years, were used in 
these experiments, which can be divided between training and test experiments. 

Training. The animals were trained to discriminate between white light of high intensity (the 
negative and variable stimulus) and white light of low intensity (the positive and constant 
stimulus). Both stimuli were presented simultaneously on the two panels and their method of 
‘presentation was determined by random order. Reward (food) was obtained when the animal 
opened the door bearing the positive stimulus. 


Tasxe 1. Learning to discriminate between two light intensities 
Luminance level Luminance ratios of No. of trials 


stimulus negative/positive ‘required for 
Cat panel (f.c.) | stimulus : i 
Whisky 0-01 50:1 to 10:1 190 
Brandy 0-1 76:1 to 5:1 230 
Rita 1-0 100: 1 to 20:1 120. 
Pansy 10-0 16:1 to 5:1 140 
Average 170 


both stimuli was varied in random order. The absolute white light intensities, measured by means 
of a calibrated Holophane Autophotometer, were varied between 10 and 0-01 f.c. measured at the 
stimulus panel. The animal signified its response by opening the door to obtain food, which, how- 
ever, was only accessible behind the positive stimulus (the lower intensity). The criterion for 
learning (twenty-five consecutive correct responses) was reached by all animals from between . 
120 and 230 trials (Table 1). It was interesting to see that this discrimination between two relative 
intensities was learned in much the same number of trials as the discrimination between light and 
absence of light (Gunter, 1951a). In these and all subsequent experiments the animals were given 
forty trials per day to each intensity ratio and were run every 24 hr at approximately the same 
time of day. They were completely dark-adapted for at least 1 hr prior to the experiment which 
was run in a dark room with the stimulus panels providing the only source of illumination. 

Test experiments. When a steady level of correct discrimination between the two relative light _ 
intensities had been maintained for 2000 trials for each animal, the stronger of the two white 
light stimuli was replaced by a coloured one (Ilford spectrum filters), which now became the nega- 
tive stimulus, and was varied in intensity in random steps by means of neutral filters. The darker 
white light stimulus became the positive stimulus and was kept constant in intensity. As in the 
training experiments, twenty trials were given at each intensity ratio (colour versus white light). 
Responses to two of such intensity ratios were obtained daily with each animal. As the intensity 
of the variable stimulus decreased, the response of the animal fell gradually from 100% correct 
response to the positive (white light) stimulus to complete failure. The aim of these trials was 
to determine the amount of coloured light which would be judged by the animal to be of equal 
brightness to the constant white light stimulus. 

In order to maintain a state of high motivation and to avoid a conflict situation in the animals, 
the intensity ratios near the animals’ threshold of discrimination were collected by interspersing 
these with intensity ratios to which the animals had responded positively at previous trials. Using 
this method, the twenty test results were collected from approximately forty trials, so that 
a negative, non-rewarded difficult discrimination was soon followed by a positive and well- 
rewarded one. ; 


RESULTS 
The spectral sensitivity curve represents a measure of the reciprocals of energy 
of different wave-lengths required to produce a constant response. In the 
present case the constant response is the animal’s judgement of equality in 
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brightness of the variable coloured light stimulus and the constant white light 
stimulus. The method of Probit Analysis applied to the aggregate data for the 
four cats yielded a point of subjective equality for the various coloured light 
stimuli in terms of the original photocell readings. The photocell, however, has 
its own spectral sensitivity curve, and in order to obtain an estimate of the 
stimulus energy incident on the animal’s cornea, the readings have to be made 
independent of the photocell, and must be converted into units of relative 
energy. Since the photometer reading (R) is a function of the energy distribu- 
tion of the source (Z)), the transmissivity of the filters (7) and the spectral 
sensitivity of the photocell (C\), we may write R=X(H,T)C)). The required 
energy values are given by X(£,7)), and the final data are obtained by dividing 
the original photocell readings by the spectral sensitivity of the photocell over the 
range of transmission of the respective colour filter, and taking the reciprocals 
of these values. In taking the initial measurements of the stimulus intensity, 
the photocell was placed in a fixed position, whereas in the experiment the 
animal’s head moved in front of the stimulus panel, the spectral energy in- 
cident on the animal’s cornea does not represent a constant amount of the 
measured value. (This as well as the day-to-day variability of the animal 


- might account for the relatively large standard errors of the estimate.) In 


order to make the data comparable with the absorption spectrum of visual 
purple, it is further necessary to correct them for absorption by the pre-retinal 
media (Roggenbau & Wetthauer, 1927) and to relate them to a spectrum of 
equal quantum intensity (Dartnall & Goodeve, 1937). The final values were 
then expressed as percentages of the maximum value and were plotted against 
the wave-length of maximum transmission for each colour-filter, calculated 
from a consideration of the energy of the source and the transmissivity of the 
filter. Fig. 1 gives a graphical representation of the final values with their 
attaching measure of reliability. 

Analysis of experimental data. The poini of interest in the present experiment 
is the intensity of the variable coloured light stimulus which appears sub- 
jectively equal to the white light stimulus of constant intensity, the animal 
signifying its judgement of subjective equality by choosing either stimulus an 
equal number of times in a fixed number of trials. We are therefore dealing 
here with a quantal response of the animal, its occurrence or non-occurrence 
depending on the magnitude of the stimulus employed. For each animal will 
therefore be found a level of intensity above which the response (i.e. going to 
the lower intensity) is more likely to occur and below which the response is less 
likely to occur. Some workers select a certain percentage of correct responses 
in a fixed number of trials—significantly elevated above chance—and define 
the stimulus intensity at which this arbitrarily selected number of correct 
responses is given as the ‘differential threshold’ or p.s.z. (Point of Subjective 
Equality). However, an analysis of the data obtained shows a variability of 
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response over the sample studied, and we know that for any value of the 

variable there is some probability of the event occurring. The best method, 

therefore, of expressing the results is to quote values of the variable cor- 

responding to arbitrarily selected levels of probability. The so-called p.s.x. 

could be described as that value of the variable corresponding to a 50% chance 

of correct choice; the arbitrary level selected depending on the nature of the 
problem under 


100 


400 450 500 550 600 650 
Wave-length (mu) 
Fig. 1. Spectral sensitivity curve of the dark-adapted cat (mean for four animals) from the present 
behaviour experiments. Each point relates to about 3800 trial runs and refers to a spectrum 
of equal quantum intensity of the retina. 


In order to obtain values of the variable corresponding to a given level of 
probability, the method of Probit Analysis (Finney, 1947) wasemployed. Using 
this method, a function of the variable was found to increase linearly with log. 
intensity, and the best fitting straight line is then drawn through the points. 
For each of the estimates of the variate value, a numerical measure of its 
reliability (SH ,,) has been computed, and a confidence interval is obtained in 
which the true P.s.E. is to be expected to fall with a given probability. 


DISCUSSION 


Hess (1910), using a viele of behaviour on reptiles and amphibia, and Piper 
(1905), in his electrophysiological work on mammals, were some of the first 
investigators to draw attention to a relationship between the luminosity curve 
of animal and man. This suggestion has been amply confirmed by the low- 
level visibility values obtained on a large variety of species by means of various 
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methods of behaviour, by electrophysiological technique and by using inborn 
as well as conditioned reflexes as an index of response (cf. Bridgeman’s (1938) 
- behaviour work on the cat, Hecht & Pirenne’s (1940) study on the owl, using 
the pupillo-motor reflex, Brown’s (1936) conditioned reflex work on the rabbit 
and the electrophysiological investigations by Graham & Riggs (1935) on the 
rat and by Granit (1947) on the cat and other animals). Since the spectral — 
distribution of sensitivity in the dark-adapted eye is held to be a function of 
visual purple, its absorption curve may be expected to be represented in the 
spectral responses recorded by the micro-electrode from single fibres in a state 
of dark-adaptation. Such a correspondence between the cat's spectral sensi- 
tivity curve and frog visual purple absorption was, in fact, obtained by 
Granit (1943) who used the method of electrophysiology on animals whose 
pre-retinal structures had been removed. In Fig. 2 Granit’s results—obtained 


400 500 

Wave-length (mp) 

Fig. 2. Spectral sensitivity curve of cat from the present experiments @, compared with 
: Granit’s electrophysiological data for the same species @. 


on a large number of readings for four dark-adapted cats—are compared with 
the data obtained in the present investigation. In comparison with Lythgoe’s 
visual purple curve, Granit’s sensory values on the cat are relatively too high 
in the region of 540-580 my. 

Since the plotted values of the present experiment represent a measure— 
in terms of quanta on the retina—of the distribution of the animal’s spectral 
sensitivity to lights of different wave-length of an equal energy spectrum, these 
data can be compared with estimates of the absorption of visual purple. Such 
a comparison with cat’s visual purple absorption (Kéttgen & Abelsdorff, 1896) 
shows a very good general agreement between the two curves (Fig. 3). Because 
Kottgen & Abelsdorff’s data refer to a ‘Difference Spectrum’, more reliance 
should be placed on. their values in the long wave-length end of the spectrum. 
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_ account for the discrepancy between his curve and the shape of the visual 


_ ments on three cats were corrected for pre-retinal media absorption and related 
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- Although—as compared with modern methods—their investigation lacked 


certain controls (e.g. pH of solution and temperature) and is based on only one 


~ series of observations, theirs is the only visual purple determination on the cat 


known to the author, and it seems a wise precaution to compare luminosity 
data obtained on one species with its own visual purple absorption. 


Wave-length (my) 


Fig. 3. Kéttgen & Abelsdorff’s spectral absorption curve of visual purple (Difference Spectrum), 
compared with the author’s corrected spectral sensitivity values for the scotopic cat, O. 


Just as Granit’s data, the present values also seem relatively too high in the 
yellow-green spectral region when compared with visual purple absorption 
data. An explanation of this hump may be sought in the possibility of selective 
reflexion from the coloured tapetum lucidum. This latter factor was also held 
by Murr (1928) to be responsible for the unusual shape of his luminosity curve 
obtained by behaviour experiments on two cats. Judging by the shape of 
Murr’s curve, it does not seem very likely that tapetum reflexion alone can 


purple absorption curve. One of the main factors for the divergent character 
of Murr’s curve is probably the error in the spectral energy calculation, where 
he assumed the same stimulus energy distribution after passing through the 
spectroscope and reflexion from the paper covering the food reward, as he had 
found it to have at the light source. Murr’s data, in any case, are not precise 
enough with regard to dark-adaptation or method of computation used, and 
his results do not allow of accurate interpretation. 

The values obtained by Bridgeman (1938) by means of behavioural experi- 


to a spectrum of equal quantum intensity. They are presented in Fig. 4. 

A comparison of these data, with those obtained by the present author, 

indicates a fair agreement in the shape of the two curves, and it is interesting 
PH. CXVIII. 26 
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to notice that date; 
yellow part of the spectrum. 


Piper’s (1905) data on the Leessiosiag function of the eyes of two: shin, | 


obtained with the electro-retinogram, show fair agreement with similar values 
for dog and rabbit. His results, however, do not lend themselves to any direct 
comparison with modern work because his data are based on an uncorrected 

energy distribution of the Nernst filament lamp, which, having its maximum 
response in the yellow-green region of the spectrum, is likely to obscure any 
effect of the tapetum which seems to reflect maximally in that region. Further- 
more, the criterion of response which Piper adopted for his measurements was 


Wavelength (ri) 


one of heii of response to varying amounts. of spectral energy. For any 
comparisons to be made, it is necessary to know the relative energy in different 


parts of the spectrum which is required to produce a constant response or any 


other constant physiological effect. Similar criticism is also applicable to the 


work of Hess (1929) and Kohlrausch (1931) who find similarity between the 
spectral sensitivity of cat, dog and rabbit as measured by comparing sensi- 


tivity to two and three regions of the spectrum respectively. One factor com- 


mon to all the spectral sensitivity data on the cat cited in this paper—as 


compared with the visual purple absorption curve—seems to be that the values 
in the yellow spectral region are relatively too high, thus giving rise to a 
significant ‘ hump’ in that region. Apart from this there is good general, agree- 


ment of the corrected data obtained in the present behaviour experiment with 


the absorption spectrum of cat visual purple and with the spectral woniayity 


values of the cat obtained by the method of oe: 
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SUMMARY 


1. By a method of behavioural discrimination the spectral sensitivity curve 
for the dark-adapted cat was obtained. 

' 2. The range of maximum spectral sensitivity was found to lie between the 
experimental points at, wave-lengths 490 and 520 mu. The maximum of the 
curve has been arbitrarily adjusted to 100% at wave-length 500 my. The 
standard errors attaching to each estimate are given. 

3. The data obtained in the present experiment are compared with the 
absorption spectrum of cat visual purple, and with spectral sensitivity values 
of the cat, obtained by the method of electrophysiology and by behaviour 
experiments. 

4. It was observed that the spectral sensitivity results of the cat—whether 
obtained by behavioural technique on the living animal or by the method of 
electrophysiology—yielded rather high values towards the long wave-length 
end of the spectrum when compared with the absorption spectrum of visual 
purple. 

5. An explanation of this hump in the cat’s spectral sensitivity curve may 
be sought in terms of selective reflexion from the tapetum, as suggested by 
Granit. 

6. The essential agreement between the present data and those obtained by 
means of electrophysiology lends weight to the assumption that the action 
currents measured in the eye of the anaesthetized animal do, to a large extent, 
reflect the true visual capacity of the living animal. 


The writer wishes to express his thanks to Dr L. C. Thomson and to his colleagues in the Group 
for many valuable suggestions and for their encouragement. 

Miss Dorothy Howard’s patient and conscientious handling of the animals contributed materially 
to the results obtained in this investigation. | 
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EFFECT OF ETHER INHALATION UPON SPINAL | 
CORD AND ROOT ACTION POTENTIALS 


By G. M. AUSTIN* anp E. A. PASKt 
From the Montreal Neurological Institute 


(Received 30 May 1952) 


Anaesthetics have been used for many experiments upon spinal cord reflexes, 
and observations have been made in passing upon the action of the anaesthetic 
drugs, though this was rarely the primary purpose of the experiments. The 
doses of anaesthetic administered have sometimes been recorded, but in very 
few instances is the effective concentration of anaesthetic stated. 

In the experiments to be described, an attempt was made to relate the action 
of di-ethyl ether upon spinal cord reflexes to the concentration of ether present 
in the arterial blood and to investigate, to some extent, the site of action of 
this anaesthetic in relation to the monosynaptic reflex chun 


| METHOD 


Cats weighing 2:0-3-2 kg were used. Thre wore with sodium 
(nembutal) for preparation and allowed to recover.until active t ts were seen ; 


ether was then exhibited by inhalation. anacethesia and 
D-tubocurarine. In these, adequate and constant artificial ventilation was maintained throughout. 

Care was taken to maintain the animals’ circulation, Blood pressure was.recorded by means of 
& capacitance manometer or a strain-gauge manometer, and was supported by infusions of 5% 
dextrose in saline and whole cat’s blood. In this way it was possible to maintain the animals’ 
arterial pressure and the form of the pulse pressure wave close to.their initial condition for as long 
as 18 hr of experimentation, except when.e state of very deep ansesthesis was present. An electro- 
cardiogram and, in certain cases, an elect gram lead were recorded. The rectal tempera- 
ture was measured and kept constant. Respiration, where relevant, was recorded by an electrical 
chest spirograph. Arterial blood samples were withdrawn through a polythene catheter in the 
femoral artery and analysed for ether content by a modification (Knox & Pask, 1950) of the 
| method of Cavett (1938). The surgical preparation consisted of bilateral laminectomy extending 
from T 12 to well down over the sacrum. The animal was suspended by a clamp attached to the 
spinous processes, and by two pins inserted against the iliac crests; the sciatic nerve was exposed 
and the appropriate branches for stimulation were separated, and either cut or crushed peripheral 
to the point of stimulation. Both spinal cord and peripheral nerve were covered with warm 
paraffin oil at all times. 


* University Hospital, Philadelphia, Penn., U.S.A. 
‘+ University of Durham, King’s College, Newcastle, England. 
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Bipolar Ag-AgCl electrodes were used for stimulating and for recording from the ventral root. 
The ventral root from which recording was made (L 7 or § 1) was cut approximately 1-5 cm from 
the cord, Stimulation was by means of rectangular pulses of 80 usec duration. When recording 
micro-electrode potentials, a steel needle was used with a bare tip of 104 diameter extending back 
in « gradual taper to o diameter of 20, 5 mm from the tip. The indifferent electrode in these 
instances was placed on the adjacent spinous processes, 1-2 cm away. The antidromic stimuli were 
applied by bipolar electrodes on the ventral root. All potentials were recorded with the usual 
differential amplifier and sweep synchronized oscilloscope. — 


RESULTS 


«Ventral root potentials 
More in twenty series of tracings were obtained to demonstrate the effect of 
increasing blood ether concentration upon the ventral root potentials in 
response to stimulation of a peripheral nerve. The records all show a large spike 


Fig. 1.. Response to stimulation of the nerve to gastrocnemius, A, in ventral root; B, in dorsum 
of the spinal cord; C, in the dorsal root. The numbers below the records indicate the concen- 


potential, the corrected latency of which enables it to be identified as the 
monosynaptic potential (Lloyd, 1943a, b; Eccles & Pritchard, 1937; Renshaw, 
1940). This large potential is followed by a series of waves comprising the 
polysynaptic response, the magnitude of which varies with the peripheral 
nerve stimulated and the degree to which its fibres establish direct connexions 
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nuncial neurones. .° 


by increasing ether concentrations (Fig. 1A). Fig. 2 shows the relation of this 
depression to the arterial blood ether in specimen 
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Fig. 2. The relation between thé magnitude of the monosynaptic potential in the ventral root and 


concentration of ether in the arterial blood. Ordinates: PREIS A 
abscissa : ether concentration in mg/100 ml. 
blood. 


It seems safe to conclude that at blood concentrations nel ie to light 
surgical anaesthesia in the cat (50-70 mg/100 ml.) the monosynaptic potential 
in the ventral root is markedly depressed and at concentrations corresponding 
to deep anaesthesia (100-160 mg/100 ml.) it is profoundly depressed. 

The polysynaptic potential is less easy to express quantitatively. It can be 
said, however, that this potential did not appear to be more readily depressed 
than the monosynaptic potential in our records. There was considerable 
variation between animals in this respect and in several the polysynaptic 
potential seemed distinctly the more resistant of the two. An example is 
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shown in Fig. 4. In no case was it possible by the administration of ether to 
abolish the polysynaptic without having also abolished the monosynaptic 
a: The dorsal root potential 

The potential recorded from the dorsal root was concerned only with 


‘A’ fibres, This potential was unaffected even by deep anaesthesia. Fig. 1 Cand 
Fig. 3C are typical of all records of this potential. Fig. 3C no. 4, was recorded 


Fig. 3. As Fig. 1 but cord ligated at L 3-4. 


when the animal was ‘in extremis’ due to overdose achieved by artificial 
ventilation. Blood pressure was unrecordable, the electrocardiograph com- 


pletely irregular and abnormal in form, and only with difficulty was the 
animal recovered. 


The potential of the dorsum of the cord : 

_ Unipolar recordings from the dorsum of the cord resulted in tracings of the 
usual form. The initial intra-medullary spike was unaffected at.any level of 

ether anaesthesia, suggesting that conduction in intra-medullary dorsal -root 
fibres was unaffected by ether in anaesthetic concentrations. The complex 
negative wave which follows the intra-medullary spike was smoothed as 
anaesthesia deepened, but the magnitude of the potential was only slightly 
diminished in deep anaesthesia, provided that circulatory failure did not occur 
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(Figs. 1B and 3B). If this potential be interpreted as indicating activity 
(Erlanger & Gasser, 1937) of internuncial neurones, the observation suggests 
that these neurones are not especially affected by ether anaesthesia. 


Unfortunately, owing to the nature of the amplifier used, the prolonged 
positive after-potentials were not faithfully recorded. | : 


Fig. 4. Ventral root response to stimulation of common peroneal nerve. The numbers below the 
records indicate the concentrations of ether in arterial blood, in mg/100 ml. 


Spinal cord section 
_ The spinal cord was divided by ligature in three animals within four segments 
of the recording level. They were prepared under local anaesthesia and D-tubo- 
curarine, and were well supported by transfusion. A transient rise of 5-10 mm 
Hg in systolic pressure occurred and lasted 3-5 min, after which the blood 
pressure returned to normal. The potentials recorded did not materially 
change, nor-was the effect of ether inhalation upon them altered. For example, 
Fig. 3 shows a series of tracings obtained from the same animal as that used 
for. Fig. 1, 30 min after spinal cord transection. | 
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~ Potentials were recorded from the nuclear mass of the anterior horn by 
means of micro-electrodes. The potentials recorded were as described by 
Brooks & Eccles (1947). The initial spike-potential of the approaching anti- 
dromic volley in the axons was unaffected by increasing ether concentration, 
but the ‘soma potential’ was depressed as ether concentration increased 
(Fig. 5). No estimation of ether concentrations was made in this instance, but 
the ventral root potentials obtained by orthodromic stimulation were recorded 
concurrently and are shown. 


msec msec 
Fig. 5. A, response of the ventral horn nucleus to antidromic stimulation of ventral root as ether 
concentration increases; B, corresponding responses in ventral root to stimulation of nerve 
to gastrocnemius. (Tracings from original photographs.) 


The degree of depression of this ‘soma potential’ in a small series of experi- 
ments consistently paralleled the depression of the monosynaptic potential in 
the ventral root. 


DISCUSSION 

Although it has been demonstrated that arterial ether concentrations of about 
100 mg/100 ml. affect the excitability of peripheral nerve fibres (Naess, 1950) 
the synchronous volleys set up in peripheral nerves in these experiments were 
not blocked or reduced in either extra-medullary or intra-medullary fibres 
even. when the reflex response in the ventral root was markedly depressed. 

' Spinal ‘transection during the course of experiments did not’ materially 
affect the monosynaptic potentials in the ventral root nor the effect of ether 
upon them. The action of the drug within the cord itself seemed therefore‘to 
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account for almost all of the depression ns the monosynaptic ventral root 
potential seen in the intact animal. 

The depression of the potential sisliiad from the ventral horn nucleus, 
elicited by antidromic stimulation, paralleled: the- depression of the reflex 
ventral root monosynaptic potential. 

Thus even in light anaesthesia (50-70 mg/100 ml. in arterial blood) ether 
appears to affect this reflex pathway in the spinal cord and its precise site of 
action is probably the anterior horn cell, as was found i in the case of nembutal 


| SUMMARY - 


1. Di-ethyl ¢ ether when present in the arterial blood of cats, in concentra- 
tions corresponding with surgical anaesthesia, leads to a regular depression of 
the monosynaptic response in the ventral root on stimulation of a peripheral 
nerve. 

2. The polysynaptic response is not more sensitive to depression wd ether 
than is the monosynaptic. 

3. Dorsal root potentials (‘A’ fibres) and the intra-medullary spike are not 
depressed at corresponding concentrations, nor is the Begatve intermediary 
potential recorded from the dorsum of the cord. 

4. The ‘soma potential’ of the anterior horn ge stimulated antidromically 
is depressed by ether inhalation. 


We wish to thenk, Prof, Wilder Penfield and Prof, Hechert H. Jasper for granting us the use of 
facilities for this work and for help and advice. The work was done while G. M. Austin held a 
Fellowship in Neurosurgery at the Montreal Neurological Institute, and E. A. Pask, the Hosmer 
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THE FUNCTION AND STRUCTURE OF SOME NEURONES 
IN THE CAT’S CEREBRAL CORTEX 


By B. DELISLE BURNS anp BERNICE GRAFSTEIN 
From the Department of Physiology, McGill University, Montreal, Canada 
(Received 16 June 1952) | 


An area of cerebral cortex can be disconnected from the rest of the central 
nervous system in such a way that the blood supply of the isolated cortical slab 
remains intact. Such preparations show no spontaneous activity, although 
some of the isolated neurones will still respond to an electrical stimulus (Burns, 
1950, 1951). Perhaps the most surprising property of pieces of isolated cerebral 
cortex is that a preparation whose minute structure is so complex should give 
only two types of response to a single stimulus. Moreover, these responses are 
as constant in properties from cat to cat and from hour to hour as are the 
responses of a nerve-muscle preparation. A weak stimulus elicits a short-lasting 
local response from superficial structures, and the cortical surface in the 
neighbourhood of the stimulating electrodes becomes temporarily negative to 
surrounding inactive cortex. A stronger stimulus produces, in addition to the 
local surface-negative response, activity in a deeper layer of grey matter, 
which causes the surface above the active part to become positive with respect 
to resting tissue. This surface-positive response spreads without attenuation in 
all directions from the stimulated point. 

The local response to a weak single surface stimulus has been studied in 
intact brain by Adrian and by Chang. It is unaffected by surgical anaesthesia, 
is relatively insensitive to lack of oxygen and can be obtained from any 
cortical area (Adrian, 1936). Its functional properties are the same, whether 
these are studied in the intact animal (Chang, 1950) or in a neurologically 
isolated slab of cortex. Unfortunately, however, an electrical stimulus applied 
to the cortical surface probably excites together many superficial conducting 
structures which under physiological conditions never fire simultaneously. The 
relation of such an artificial response to normal function is therefore difficult 
to interpret, although its properties may provide useful information about 
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cortical structure. On the other hand, the spreading surface-positive response 
must be a component of normal physiological activity in the unanaesthetized 
animal since, its magnitude and duration are clearly dependent upon local 
cortical conditions and not upon the nature of the stimulus used to start it. 
It follows that a study of this response as elicited by artificial stimulation 
should provide both information about cortical structure and an insight 
into the working of an essential component of normal physiological 
function. 

The experiments described below were designed to provide further informa- 
tion about the site and shape of the neurones giving these two responses. The 
experimental methods that have been used in this work fall under three 
broad headings: (a) the distribution of potential during activity at various 
depths below the cortical surface; (b) the effects upon the spread of the two 
responses of cuts to different measured depths; (c) the distribution of excita- 
bility with depth of a focal stimulating electrode. 

_  Asaresult of these experiments, it has been possible to make some deductions 

about the form and position of the structures involved in the surface-negative 
and positive responses. Further, the results described have made it possible to 
localize the active cells with sufficient precision for subsequent histological 
examination. 


METHODS 


A tracheal tube was inserted and both common carotid arteries were clamped for the first part 
of the head operation. The temporal muscle was removed and the skull opened on the left side over 
the whole parietal region. The dura mater was reflected and the small blood vessels covering an area 
of about } cm? in the occipital region were sealed with diathermy. A drainage hole was then made 
running from the centre of this bloodless area to reach the posterior corner of the lateral ventricle. 
If this drainage hole is not present or becomes closed with blood clot, cerebrospinal fluid often 
accumulates in the ventricles after the whole operation is complete and causes the brain to swell. 
The base of the brain was then cut across with a blunt spatula guided by the tentorium cerebelli; 
this separation can be effected without tearing the vertebral arteries provided the spatula is 
pressed gently down upon them and not dragged across the floor of the skull. One or two minutes 
after the cut. was complete both common carotid arteries were unclamped and the animal was 
taken off ether. 

A slab of neurologically isolated cerebral cortex was then cut from the suprasylvian gyrus in the 
manner described by Burns (1951). Finally, the skin flaps were sewn to a metal ring so as to form 
the walls of a bath of liquid paraffin which covered the brain. The temperature of this bath was 
maintained between 35 and 37° C, while the rectal temperature of the cat was kept between 
36 and 37° C, 

Electrodes, The bipolar electrodes used for surface stimulation were of 1-5 x 10-* mm diameter 
platinum. The two wires projected about 1 cm from a glass holder so that the free ends, which had 
been fused into two small spheres, rested very lightly on the pia about 0-5 mm apart. Where B.0. 
_Tecording was used the same type of platinum electrode was also frequently employed for recording. 
The time constant of such polarizable electrodes, in contact with the pia, and connected through 
cathode followers, did not appreciably reduce the longest time constant (2:5 sec) used in the 
amplifier system. Whenever the need for D.c. recording made non-polariz able electrodes essential, 
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silk wicks projecting from the drawn-out end of small glass tubes were used; the tubes and wicks 
were loaded with 0-9% (w/v) NaCl+0-5% agar in water into which dipped chlorided silver wires 
connected to the cathode follower. The electrodes used for recording and for stimulating beneath 
the cortical surface were similar to those used by other workers for recording from the interior of 
single muscle fibres (Weale, 1951). They were made from glass tubing drawn in an electrical forge 
and finally filled by boiling in 0-9% NaCl. The shaft of the electrode was usually about 30, in 
external diameter and some 4 mm long. In order that these electrodes should not drag the pia 
down when they were inserted, it was found essential that their shafte should be cylindrical over 
the whole length. This fact was found to be more important than the sharpness of the tip itself in 
preventing deformation of the brain and subsequent irreversible trauma; tips of the dimensions 
used for cellular puncture had no great advantage for this work and in fact nearly always broke 
off in passing through the pia. The wide end of these electrodes was connected to the electronic 
apparatus through chlorided silver wire. The D.C. resistance of the electrodes varied between 
1 and 30 MQ. 

Measurements of depth. The free surface of the brain moves slightly with each beat of the heart 
and also with respiration. Consequently, the micro-electrodes described above were always in- 
serted through the pia as close as possible to the ball-shaped tip of a dummy platinum surface 
electrode. The presence of the latter usually sufficed to hold the surface of the brain steady in the 
immediate neighbourhood of the micro-électrode. The micro-electrode was fixed to the mobile arm 
of a Brown-Schuster myograph stand (C. F. Palmer (London) Ltd.) and ite depth was adjusted 
from the turret; it. was first thrust. rapidly into the brain to a depth of some 3 mm and then 
consecutive records were obtained for each position of the electrode as it was withdrawn from the 
brain. Reliable estimates of depth of the electrode tip could not be made during its insertion since 
the best-shaped electrodes always indented the brain’s surface a little. During witlidrawal of the 
electrode there was no measurable upward dragging of the surface; the height at which the 
electrode lost electrical contact with the brain was easy to recognize, but estimation of the precise 
position of the surface was complicated by frequent adherence to the electrode’s tip of a thread of 
conducting tissue. Consequently, the position of the brain’s surface was always checked by lowering 
the electrode until contact was again established. Because of mobility of the brain’s surface and 
other technical difficulties, we believe that any estimates of cortical depth discussed in this paper 
may have an error of as much as + 0-07 mm. The errors of depth estimation, where controlled 
superficial cuts were made into the grey matter, were certainly larger and may have been as much 
as +0-1 mm. Finally, it should be pointed out that what we have loosely termed the surface of 
the brain is in reality the surface of the pia-arachnoid, and that no attempt has been made to 
measure the space between pia-arachnoid and the true brain surface. bee. 

Recording and stimulating systems. The recording electrodes were connected to cathode followers; 
two channels of push-pull amplification were available and could be used D.C. or R.0. coupled. The 
outputs of the pre-amplifiers were fed into a Cossor 1049 double- beam oscilloscope and records were 
photographed on 35 mm film. The output of either of the two channels of amplification could be 
connected to a loud-speaker system designed to make audible potential oscillations of frequencies 
from 0-10,000 c/s. The single stimuli used with metal surface electrodes were electronically con- 
trolled rectangular potential changes. The applied voltage was variable, while the duration of the 
pulse was fixed for any one experiment at about 0-5 msec. When micro-electrodes were used for 
deep stimulation, the stimulus was a rectangular pulse of current also lasting about 0-5 msec. 

_ Presentation of records. In order to avoid lengthy descriptions of the experimental conditions 
in each experiment, an inset diagram showing the arrangements for stimulating and recording is 
given in some of the figures. Where 8.0. coupling was used in the amplifier system, a condenser is 
drawn in the functional circuit diagram and the effective time-constant is indicated in msec (unless 
otherwise stated). Distances of recording electrodes from the stimulated point are stated in mm. 
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NEURONES IN CEREBRAL CORTEX 
Distributions of potential with depth 


The surface-positive response 

. The nature of the surface-positive response when recorded between a single 
non-polarizable surface lead and a similar reference electrode on killed brain 
has already been described (Burns, 1951). As the response spreads beneath 
the recording electrode the cortical surface suddenly becomes positive to in- 
active tissue; with a direct-coupled amplifier the electrical record of activity 
is an almost rectangular potential wave of 1-4 sec duration. Superimposed, as 
it were, upon the surface positivity is an oscillatory potential which has been 
interpreted as due to asynchronous discharge of the cells producing the 
positivity. At the end of both responses the surface-positivity and its accom- 


 O5sec 


Placed 7mm from stimulated point. (Retouched.) 


panying asynchronous discharge cease together as suddenly as they began. 
These two aspects of the surface-positive response (Fig. 1), the relatively 
steady component, or mean potential change, and the oscillatory potential 
causing frequent and apparently random deviations from the mean positive 
value have been investigated separately in the experiments described below. 
Variation of the steady component of the surface-positive response with depth of 
the recording electrodes. Adrian (1936) has interpreted surface-positivity of an 
active region of cerebral cortex as being caused by depolarization of deep-lying 
neurones whose processes stretch radially out towards the pia. This pret 
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has since been generally accepted and implies that if the recording electrode 
(insulated to its tip) is pushed slowly from the surface into the depths of the 
grey matter, the positive potential recorded during activity will first diminish, 
then as the electrode approaches the deep layer of depolarization, will change 
sign and register negativity relative to inactive tissue. Moreover, when the 
electrode tip lies at the level of this active layer, a greater negativity should 
be recorded than at any other depth. 


Fig. 2. Responses to constant stimuli recorded with a glass pore electrode thrust to a variety of 
depths beneath the pial surface 4 mm from the stimulating electrodes. Depth of electrode 
tip ina=0 mm; 6=0-59 mm; c=0-72 mm; d=1-50 mm; ¢=2°03 mm. Only the first part of 
the surface-positive response is shown. Negativity of focal electrode upwards. The stippled 
area represents a region of dead cortex on which the reference electrode was placed. 


Fig. 2 shows the responses to stimuli of constant strength which were 
recorded from a micro-electrode thrust to a variety of depths beneath the 
cortical surface. In this, and similar experiments, the reference electrode was 
placed upon the surface of cortex which had been previously killed by dia- 
thermy to a depth of 3 or 4 mm; the tangential distance between electrodes 
was about 15 mm. For convenience such records were taken with the amplifier 
R.C. coupled since use of a comparatively long time-constant did not distort 
the peak steady potential developed (V in Fig. 2a). Typical plots of V against 
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depth of the recording electrode tip are shown in Fig. 3. We have already 
_ mentioned in the section on methods used, that in this type of experiment the 
exact position of the pial surface is difficult to determine and may be wrongly 
stated in this and subsequent graphs by at least + 0-07 mm. The error is, how- 
ever, without much effect on the form of the curves obtained and merely 
displaces the whole curve along the abscissa. In Fig. 3, and later similar 
figures, the recorded potentials have been scaled so that the value at zero depth 
registers 100 units. It will be seen in Fig. 3 that as the depth of the focal 
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Fig. 3. The distribution of peak potential of the steady component of the surface-positive response 
with varying depth of recording electrode beneath the pial surface. Curves (a) and (6) were 
obtained under similar conditions from different cats. 


electrode was increased, the steady or mean potential recorded during a 
response remained virtually unchanged for the first 0-2 mm (V,) and then 
declined rapidly so that at depths greater than 0-6 mm the electrode became 
negative to an inert reference point. In these experiments, peak negativity (V,) 
was always reached at a depth lying between 0-8 and 1-3 mm, while the 
absolute value of maximal negativity was about 2mV. At greater depth of 
the recording electrode, the potential declined without further change of sign. 

In a general way the results of these experiments confirmed Adrian’s (1936) 
hypothesis and suggested that the steady component of the surface-positive 
response could be represented as activity in a tangential sheet of radially 
oriented neurones whose lower ends became negative with respect to processes 
that stretched toward the surface. Although the form of curves like that of 
Fig. 3 varied little from cat to cat, the relative magnitude of peak negativity (V,) 
_ proved more variable than the depth at which it was reached, and lay between 
60 and 240% of the peak positive potential recorded near to the surface. 
PH. OXVIII. 27 
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Table 1 provides a summary of data obtained from experiments of the type | In 
whose results are illustrated in Fig. 3. th 
ste 
T a f the distribution with ing cortical of the stead 
Superficial (V V,) Ratios of potential 
1 a 0-32 1-06 ~ 132 
2 a 0 0-90 - 0:80 ste 
2 b 0 1-26 ~ 0-64 
2 O17 1:30 - 0-81 
3 a 0-06 1-13 -0-87 
0-12 0-86 2-36 | 
4 b 0-13 1-26 ~ 1:35 a 1 
4 0-20 1-09 1-45 br: 
5 a 0-05 1-28 - 1-90 
Mean values 0-12 1-13 1-28 
ele 
| the 
po 
2 the 
PO 
be 2 
3 Depth (mm) 
i 
| ref 
-100L ger 
Fig. 4. The distributions of potential of the two components of the surface-positive response with —" 
varying depth of recording electrode beneath the pial surface. Reference electrode on surface 
of dead cortex 15 mm from focal electrode. @-—— @, steady component; O ----O, - 
repetitive discharge. | to : 
Variation in the oscillatory potential of the surface-positive response with depth tim 
of the recording electrode. The records of the experiments described above also tio! 
provided information about the distribution of the oscillatory component of  #} wit 
potential with varying depth of the recording electrode. Since the potential rec 
oscillations about the average or steady value were irregular in both amplitude toe 
and frequency, their magnitude was measured as the mean peak-to-peak value ose: 
estimated over a fixed arbitrary time during the response. (Usually a time ext 
sufficient for ten positive or negative peaks was taken—about +}, sec; the choice refe 
of time interval does not alter the estimate, but influences its standard error.) ) end 
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In Fig. 4 the magnitude of the oscillatory potential is plotted against depth of 
the recording electrode; for comparison, the distribution of magnitude of the 
steady component of potential with depth is also given as recorded in the same 
experiment. The reference electrode for both these measurements was on 
distant killed cortex. These two curves are of entirely different form; that for 
the oscillatory potential shows maxima both at the surface (or a little below it) . 
and at a depth of 1-1 mm, where the maximal negativity occurs for the steady 
component of the response. Near to that depth at which the curve for the 
steady response changes polarity, the oscillatory potential magnitude is 
minimal. 

When the surface-positive response is recorded between a pore electrode at 
a variable depth beneath the surface and a reference electrode resting on the 
brain's surface immediately above, the distributions with varying depth for 
the two components of potential become identical (Fig. 5). For convenience in 
this figure, the negative signs of the steady potentials recorded at the deep 
electrode have been disregarded. As would be expected, the general form of 
the curve for steady or mean potential is the same as that of Fig. 3; the new 
position of the reference electrode simply shifts the whole curve to one side of 
the horizontal axis. The similarity of the two distributions of potential, when 
recorded under these conditions, suggests that both components of the surface- 
positive response are due to activity in the same population of neurones. Other 
reasons for regarding the oscillatory potential and the steady potential as 
different manifestations of activity in only one cell type have been presented 
elsewhere (Burns, 1951). 

The difference between the two potential distributions recorded when the 
reference electrode is on a distant patch of inert cortex becomes more intelligible 
when we consider the mechanism by which the surface-positive response is 
generated. Behind the wave-front of spread of this response, cells in the grey 
matter break into an asynchronous repetitive discharge which is supposed to 
be the origin of both components of the recorded action potential ; the experi- 
ments described above show that the mean surface-positivity recorded is due 
to a net depolarization of the lower ends of neurones with processes stretching 
upwards, If each cell is firing repetitively, then since depolarization must take 
time to spread throughout the whole neurone, some of the cells in the popula- 
tion will be found at any one time to have their superficial ends depolarized 
with respect to their lower extremities, while others will have their upper ends 
recovered at a time when the lower part is still depolarized, This will give rise 
to'an alternating potential record which would be expected to provide minimal 
oscillatory magnitude somewhere between the cortical depths at which the 
extremities of the neurones are situated, provided potential is recorded with 
Teference to a distant point. The generation of a net depolarization at the lower 


ends of the neurones concerned, which is responsible for the steady component 
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of the response, implies that the lower ends of these structures, presumably 
including the cell bodies, take — to recover from seep —_ do 
their upper extremities. 


_ Potential arbitrary units 


wh 
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Fig. 5, The distributions of potential of the two components of the surface-positive response with 
varying depth of focal electrode beneath the pial surface. Reference electrode on surface 
immediately above focal electrode. The negative signs of the steady potentials recorded at 


the deep electrode have been disregarded. 


The surface-negative response 

_. When the deep recording electrode is placed within 101 mm of the sinunleting 
electrodes measured along the cortical surface, both the local surface-negative 
response and the spreading surface-positive response are seen. It was therefore 
possible to record simultaneously the variation in magnitude of these. two 
responses with changing depth of focal lead (Fig, 2). In Fig, 6 are presented the 
results of such an experiment (the same experiment as that of Fig. 3a), in which 
peak surface-negative response potentials were recorded with reference to an 


inert and distant reference point. The dotted curve of Fig: 6 is transferred from 


Fig. 3a and shows for comparison the distribution of the steady potential 


component of the surface-positive response. It will be seen that the surface- 


negative response, like the surface-positive response, changes polarity as the 
recording electrode is thrust into the cortex. The curve for the surface-negative 


response shows a positive peak at about 0-75 mm and thereafter declines 


almost linearly with increasing depth of the recording electrode. Two constant 
features of the results of such experiments are worth comment. The positive 
peak never exceeded 60% of the negative potential recorded at the surface. 
Further, the two peaks for the surface-negative response were always slightly 


nearer to the cortical surface than were the corresponding peaks for the surface- 
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positive response. Table 2 provides a summary of data obtained in this and in 
other similar experiments; the equivalent data for the steady component 


of the surface-positive gaara given in Table 1 were obtained in the same 
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Potential arbitrary units 


Fig. 6. Distributions of potentia of the surface-negative response (@ —— @) and surface- 
positive response (—--) (transcribed from Fig. 
electrode beneath the pial surface. 


TaB_LE 2. Summary of the distribution with varying cortical depth of the 
surface-negative response to single stimuli 


Depths of potential peaks 
Superficial (V,) Deep (V;) Ratio of tia 
Cat Test (mm) (mm) peaks V,/V, 

1 a 0-22 0-67 — 0:38 

2 a 0 0-42 — 0-32 ij 

2 b 0 0-72 — 0-22 

4 a 0 0-53 — 0-39 

4 b 0-07 0-65 — 0-49 

5 a 0-08 0-65 ~ 0-56 

6 a 0 1-05 - 0-40 
Mean values 0-05 0-67 - 0-39 


Interpretation of potential distributions 

The experiments described above seemed to justify two conclusions about 
the positions of neurones giving the local surface-negative and apACeRN 
surface-positive responses: 

(1) The distributions of potential in the case of either response could be 
accounted for by assuming that some part of the active neurones was eit 
pendicular to the brain’s surface. 

(2) The two responses were the result of activity in two separate populations 


_ Of cells whose extremities occupied different tangential planes. 
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Unfortunately, the two distributions of potential shown in Fig. 6 do not 
make it possible to state precisely at what depth the ends of the various active 
neurones lie. The positions of the positive and negative peaks, for example, 
will depend upon the relative depths of depolarized and resting segments of 
neurone and not necessarily upon the radial length of the cell. Nevertheless, it 
appears that the radial processes of neurones giving the surface-negative 
response and those giving the surface-positive response must extend almost to 
the cortical surface, since the superficial peaks for the distributions of potential 
in the case of both responses are on the average less than 0-15 mm from the 
brain’s surface. The two lower potential peaks in these distributions occur at 
quite different depths. This fact and the totally different form of the distribu- 
tions of potential with varying depth support the view that different structures 
are producing the two responses. The rapid decay of potential recorded during 
the surface-positive response at depths in excess of 1:3 mm indicates that the 
active neurones are short and do not extend much below this point. The surface- 
negative response, on the other hand, seems to be due to activity in neurones 
which extend from the brain’s surface through the grey matter to the bottom 
of the isolated cortical slab. Potential declines very little with increasing depth 
below the lower peak in the distribution for this response, and implies that 
when the upper part of these neurones is depolarized and becomes a ‘sink’, 
the ‘source’ of current flow is from resting extensions of the cells stretching to 
a depth of 4 mm in our preparations and probably deeper in the intact animals. 
For these reasons we concluded that: | 

(a) The surface-positive response was due to activity in a battery of 
neurones whose lower extremities lay at a depth of approximately 1-1 mm and 
which had processes stretching from this depth almost to the cortical surface; 

(6) the surface-negative response was due to activity in a population of 
neurones which extended from points very close to the cortical surface radially, 
as far as we could measure, toward the centre of the brain. 


The effect of graded cuts 

In these experiments a chip of razor blade was held in a micromanipulator 
in such a way that it could be dragged across a slab of isolated cortex from side 
to side so as to separate the original slab of about 16 x 4 mm surface area into 
two areas of 8x 4 mm each. The depth of the cut beneath the pial surface was 
controlled and was increased in consecutive strokes of the knife, while after 
each stroke the spread beneath the cut of responses to surface stimulation was 
tested. The stimulating electrodes were placed about 2mm away from one 
side of the cut; on the far side of the cut from the stimulus was placed a pair 
of recording leads; at the same time, records of responses were taken from 
electrodes on the proximal side of the cut, to serve as controls. It was found 
in these experiments that very superficial cuts would completely abolish the 
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spread of the surface-negative response. In the experiment, the results of 
which are illustrated in Fig. 7, a cut of 0-13 mm depth produced complete 
disappearance of the response. The surface-positive response, on the other 
hand, passed beneath all cuts down to a depth of 1-0 mm and was abolished 
by a final cut of 1:25 mm (Fig. 7e). The effect of these superficial cuts on the 


Fig. 7. The responses to constant stimuli after superficial cuts of varying depth. Depth of cut 
in a=0 mm, 6=0-13 mm, ¢c=0-25 mm, d= 
surface-positive response is shown. 


surface-positive response is to decrease the transmission velocity, and strokes 
with the knife at depths exceeding 0-5 mm were liable to prevent spread of this 
response for a minute or two. These effects were presumably due to slight dis- 
tortion of the network of neurones involved, when the knife was drawn across 
the cortex. The final cut which permanently abolished transmission was tested 
for recovery over a period of 45 min. 

We have presented evidence above for the belief that the neurones producing 
the surface-positive response have processes which stretch radially from a depth 
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of some 1-1 mm to the cortical surface. If this is true, transmission of the 
response between neighbouring cells in the community might be dependent 
upon the integrity of synaptic connexions at either top or bottom of these 
structures. The experiments with superficial cuts show that the response will 
still spread when any connexions there may be between the upper ends of 
neighbouring neurones have been severed. These experiments do not prove 
that activity cannot be transmitted through connexions at the superficial level. 
For this reason’a specially shaped small knife was inserted beneath a slab of 
isolated cortex and used to cut upwards across its width to within 0-5-0-75 mm 
of the surface. After this treatment it was possible to produce a surface- 
positive response which spread throughout that half of the partially divided 
slab containing the stimulating electrodes, but this activity never crossed the 
line of the cut into the other half of the slab. (Periods of recovery of up to 2 hr 
were allowed for these tests.) We concluded, therefore, that if there are 
synaptic connexions between the upper ends of neighbouring cells in the group 
giving the surface-positive response, these are not for 
spread of the across the. cortex. 


Experiments with superficial novocaine 

Further oll that the functional integrity of. the dapesticial: part of the 
neurones concerned in the surface-positive response is not essential to trans- 
mission of this response, was obtained by use of local anaesthetic applied on 
filter-paper to the cortical surface. A recording electrode was placed about 
4 mm from the stimulated point so that it was possible to record both surface- 
negative and surface-positive responses at the same time (with reference to an 
_ electrode resting on killed brain). Beneath the recording électrode was placed 
a strip of filter-paper soaked in 0-9% NaCl, 1 mm wide, and long enough to 
stretch right across the isolated slab when in contact with the pia. Some 
12 mm beyond this filter-paper strip, on the far side from the stimulus, was 
placed another recording electrode. Simultaneous records of the responses to 
single stimuli, repeated once a minute, were taken from the two electrodes. 
After a short series of control stimuli, a small drop of 2% Novocaine hydro- 
chloride (buffered to pH 7-4 with NaOH) was applied under the liquid paraffin 
and allowed to soak into the filter-paper beneath the proximal electrode; 
about 10 min later, the nearer electrode was lifted and after withdrawing 
the filter-paper, gently lowered again, so that recovery from anaesthesia could 
be watched. The magnitudes of the responses beneath the two electrodes were 
measured and a typical set of results is plotted in Fig. 8. It will be seen that as 
the local anaesthetic diffused into the cortex, it caused a simultaneous local 
decay of both the surface-negative and the surface-positive responses. The 
steady component of the surface-positive response was much less affected than 
the oscillatory component which fell to about 30% of its original value, while 
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the surface-negative response disappeared altogether. During these local 
-changes the spread of the surface-positive response to the distant _— 
unchanged. beneath the area. 


120—- a 


; 
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Potential arbitrary units 


| Time (min) 


surface-positive responses to single stimuli. a, steady component of surface-positive response ; 


repetitive discharge of surface-positive response; c, surface-negative -Novocaine 


For farther details see text. 


Records of single unit activity — : 


“The experiments already described lead us to picture the neurones giving the 
surface-positive response as having widespread ramifications of dendrites at 
their deep ends, allowing. functional lateral synaptic connexions between — 
neighbours, and with processes running radially almost as far as the cortical 
surface. We have some-evidence that the cell bodies also lie near the lower 
extremities of these neurones. Very occasionally, when we have been examining 
the distributions of potential for the surface-positive response, we have 
recorded spike discharges of great magnitude and extremely short duration. 
This has occurred in three experiments out of about thirty. The reasons for 
‘success’ on these occasions are unknown, but we assume that it is a property 
of the electrodes used and not of the animals tested. When spikes have appeared 
it has been possible to record them over a period of 1} hr every time there was 
a surface-positive response, The electrode was not moved during this time and 
the records showed potential spikes of constant. magnitude throughout the 


- whole period: An irregular discharge occurred with each response, but between 
- responses there was no sign of activity. When they have been found, these 
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spikes were recorded only when the recording electrode’s tip lay in the region 
at which the lower peak of potential for the steady component of the surface- 
positive response was found. There is no proof that at this depth the successful 
electrode was placed against cell bodies when it recorded spike discharges, but 
other workers (Brookhart, Moruzzi & Snider, 1950), using similar techniques, 
have come to this conclusion. Thus we are led to the not unreasonable hypo- 
thesis that the cell bodies of the neurones giving the surface-positive response 
lie near the lower extremities of the structures. It is of some interest that we 
have never recorded a spike-discharge correlated with the surface-negative 
response. This may imply either that the cell bodies of the responsible neurones 
are less densely distributed than those giving rise to the surface-positive 
response, or that the cell bodies of these structures lie outside the cerebral 
The distribution of excitability with depth 

The same glass electrodes which were used for recording from the depths of 
the cortex can also be used for monopolar stimulation. Electrodes of 0-5-1-0y 
internal tip-diameter usually had a resistance of about 10 MQ when filled 
with 0:9% NaCl. The application of a potential of 200 V (providing some 
204A) for 0-5 msec between such an electrode and a diffuse ground electrode 
in the cat’s mouth was sufficient to excite responses for depths of the focal 
electrode varying between 0 and 3:5 mm. The threshold of both responses 
was 5-10 times lower when the focal electrode was negative than with opposite 
polarity. Since the density of current flow must be comparatively great near 
the tip of this sort of stimulating electrode, it is reasonable to assume that for 
stimuli of threshold strength excitation will originate only in structures lying 
very close to the electrode tip. 

The excitability of the neurone-system giving the surface-positive response 
was tested with various depths of the stimulating electrode. For each depth 
of the electrode’s tip threshold stimulus strength for this response was taken 
as lying between the largest current flow ( x 0-5 msec) which would not produce 
a response and the smallest current giving the response. Fig. 9a shows the 
distribution of excitability (reciprocal of threshold current) for the surface- 
positive response with. varying depth; in Fig. 9c is given the corresponding 
distribution of steady potential with depth. The procedure employed to obtain 
these two curves was to use the same electrode at the same depth first to record 
responses to distant surface stimulation, and later the local excitability. In all 
our experiments, the excitability proved greatest when the electrode tip was 
a little below the region of the lower peak for potential distribution of the 
steady component of the response. The mean depth at which peak excitability 
occurred was 1-7 mm in six experiments. (Individual observations were 2-0, 
1-6, 1-4,1-8and18mmdepth.) | | 
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.. To obtain the general form of the corresponding distribution of excitability 


for the surface-negative response a slightly different and more convenient 
technique was used. The micro-electrode was thrust into the cortex and 
leads for bipolar recording were placed on the surface 4 and 12 mm away. 
The stimulating current through the micro-electrode was kept fixed at 
104A x 0-5 msec and the peak height of the surface-negative response was 
measured for each depth of the micro-stimulating electrode. In Fig. 9b is given 


2 3 
Depth (mm) 
Fig. 9. The distributions of excitability and potential of the surface-positive and surface-negative 

responses with depth. a, excitability of surface-positive response (stimulating electrode’s 
resistance =6 MQ.) 6, ‘excitability’ of surface-negative response. Ordinate proportional to 
response magnitude. Stimulus constant at x 0-5 msec. c, distribution of potential of 
surface-positive response in same cat as a; recorded with reference electrode immediately 
above deep electrode as in Fig. 5. d, distribution of potential of surface-negative response in 
same cat as 6; recorded with reference to a distant electrode as in Fig. 6. For further details 
see text. 


the distribution of magnitude of surface-negative response for various depths 
of the stimulating electrode; Fig. 9d gives the corresponding distribution of 
potential for the surface-negative response when elicited by surface stimula- 
tion and recorded through the micro-electrode. All experiments similar to that 
of Fig. 96 showed two clear peaks of ‘excitability’, one near to the surface and 
the other in the region of 2 mm cortical depth. Some experiments showed 
evidence of a third peak of ‘excitability’ at an intermediate depth. In Table 3 
is presented a summary of the results of all our experiments on excitability of 
neurones giving the surface-negative response. 
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‘Taste 8. Depths below the cortical surface at which « micro-stimulating electrode supplying 
_..., @ stimulus of constant strength produced uced a maximal surface-negative response 


maximum maximum maximum 
Cat Test (mm) (mm) mm) 
6 a 0-50 None 1-90 
0-50 None . 1-50 
pet a 0-60 140 | 2-30 
a 0-26 None 1-60 
x b 0-26 1:30 2-35 
8 1:25 2-50 
8 d 1-40 2-10 
Means 0-42 | 1-34 2-03 
(\, 


From the silane ial it is possible to formulate some Yoncept of the 
shape and position of neurones responding to single stimuli in isolated cerebral 
cortex. Until results are known of the complementary histological studies, 
which are still in progress, it is impossible to regard our deductions as more 


Fig. 10. A diagram summarizing the conclusions reeched about the site and shape of neurones 
giving the surface-negative (A) and surface-positive (B) responses to single stimuli. For 
details see text. 


than tentative; but the experiments reported are the only guide available to 
histological localization and, moreover, they provide certain functional para- 
meters which must be satisfied by any neurones found at the right site by 
microscopic examination. These experiments have led to the provisional 
picture of two neurone types illustrated in Fig. 10; cells of one of the two types 
marked A are supposed to give the surface-negative response, while neurones 
of type B represent those giving the surface-positive response. All of the 
experiments described have contributed some information in developing this 
— of structure, but no line of ‘approach has proved complete in itself, am 
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consequently Fig. 10 shows the simplest construction which seems to fit all our 
data, Much of the evidence on which this picture is based has already been 
briefly described in the relevant experimental sections of this report and it is 
only necessary here to point out the contribution to the final concept made by 
each type of experiment. 


The surface-negative response 
The conduction of the surface-negative response across the cortex has ‘i 
fully discussed elsewhere (Burns, 1951), and it was concluded that the elements 
conducting this response to a superficial stimulus tangentially stretched some 
10 mm from tip to tip, Examination of the distribution of potential through- 


out the cortical depth (Fig. 6) makes it clear that the elements close to the . 


surface whose depolarization is responsible for the surface-negative response, 
have limbs which run radially downward through the grey matter and continue 
below it. At the height of the surface-negative response, the centrally running 
branches of the excited neurones are not yet invaded by the depolarization 
wave and this accounts for the deep positivity associated with the response. 
The study of potential distributions, therefore, provides evidence for a radial 
axon stretching from the bottom of the slab of cortex to the pial surface 
(Fig. 10a) where it divides giving rise to long branching filaments (b), responsible 
for the local tangential conduction of excitation. It.is these tangential branches 
of the neurones of type A (Fig. 10) whose function is interrupted by either very 


- superficial cuts or by local anaesthetic applied to the brain’s surface. The dis- 


tribution of excitability tested with a deep micro-electrode (Fig. 95 and Table 3) 
always shows two peaks of excitability at 0-4 and 2-0 mm depth respectively. 
It seems reasonable to assume that. the stimulating electrode will be most 
effective whenever branches of a comparatively great number of the neurones 
are ‘within reach’ of the stimulating current at the tip. If this interpretation 
is correct, then the superficial peak of excitability is consistent with the surface 
ramifications of type A neurones (Fig. 106). The lower peak of excitability may 
indicate the existence of a second family of branches from the central radial 
axon at 2-0 mm depth (Fig. 10c); alternatively, it may be the result of cell 
bodies at this depth (Fig. 10d), since we should expect the excitability of these 
to be greater than that of their processes. In any case, the neurones show a clear 
discontinuity of structure at this depth, which will require an explanation in 
terms of micro-anatomy. Further, there is some evidence of a third set of 
branches (e) at a depth of 1-3 mm. 

As a result of rather similar experiments, Chang (1950) suggested that the 
surface-negative response was due to excitation of the superficial dendrites of 
pyramidal cells; moreover, in contrast to our results, he found that the spread 
of the response could not be entirely prevented by superficial cuts. The records 
of our experiments in which the tangential spread of responses down into 
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neighbouring sulci is prevented are considerably easier to interpret and this 
fact probably accounts for the different results. 

In a recent review, Eccles (1951) has suggested that the surface-negative 
response is comparable to the synaptic potential of motoneurones, and is 
caused by the depolarization of the superficial tips of a set of radially oriented 
cells, which, however, do not transmit the response tangentially. He postulates 
that tangential transmission is dependent upon a more superficial structure, 
the response of which is masked by the synaptic potential of the radially 
oriented neurones. We have no evidence that more than one neurone type is 
involved in the .surface-negative response; moreover, the results of deep 
stimulation are inconsistent with Eccles’s hypothesis. The fact that a stimu- 
lating electrode placed with its tip 2 mm below the surface can cause a surface- 
negative response to appear at superficial electrodes placed 2 and 4 mm distant, 
must imply that excitation has travelled up to the surface radially and then 
run along superficial branches of the excited neurones towards the recording 
electrodes. | 


The surface-positive response 

Evidence has been presented elsewhere for the view that the surface-positive 
response spreads across the cortex throughout a network of neurones inter- 
connected by synapses. Once started, this response spreads in all directions 
and behind the wave-front of excitation the neurones break into a prolonged 
repetitive discharge, maintained by a process of self re-excitation (Burns, 1951). 
The form of the curves for the distribution of potential with varying depth 
(Fig. 3) indicates that the neurones are radially oriented. The rapid decay of 
potential with increase of depth below the deep peak suggests that the active 
- neurones are short with their major process running radially from this depth 
upward, to end close to the cortical surface. It seems unlikely that the main 
centrifugal process branches, since the curves of distribution of excitability 
with varying depth showed no superficial peak (Fig. 9a). The small number of 
experiments in which spike discharges of single functional units have been 
recorded can be interpreted as evidence of cell bodies near the lower extremities 
of the neurones (Fig. 10f). Measurement shows that the excitability of this 
population of neurones is greatest at a depth of 1-7mm, indicating the existence 
of dendrites (g) at this level (i.e. just below the cell bodies). The lower ends of 
the neurones are also the sites of the synaptic connexions which mediate the 
lateral spread of the surface-positive response across the cortex, since the first 
phase of the recorded response, when it passes beneath an electrode on the 
brain’s surface is always positive (Fig. 1). Moreover, since only cuts which are 
deeper than 1-0 mm prevent the spread of the response, the synaptic con- 
nexions must lie a little below that level. Thus the results of experiments on 
excitability are consistent with those on the effects of graded cuts. It will be 
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noticed that in constructing Fig. 10 we have given more weight to the former 
than to the latter. Cuts with knives of the type used must injure structures 
lying at a greater depth than is reached by the tip of the blade. It is therefore 
not surprising to find that a superficial cut of 1-25 mm depth just severs 
connexions which, according to excitability measurements, lie about 1-7 mm 
deep. 

It is of some interest that these experiments with cuts prove that trans- 
mission of the surface-positive response cannot be maintained by simple 
current spread from excited to resting neurones in a volume conductor in the 
manner proposed by Gerard & Libet (1940), but must depend upon the in- 
tegrity of dendrites and synapses deep in the grey matter. This fact is not 
surprising, since the types of activity which have been shown able to jump 
a cortical incision (see also Sloan & Jasper, 1950) produce large potentials and 
no such property has yet been demonstrated for ny ene potentials 
of normal magnitude. 

When the wave-front of activity produces a particularly sharp development 
of surface-positivity this is usually followed by a temporary collapse of positive 
potential (as in Fig. 1) which in some records has even caused the appearance 
of a very transient surface-negativity. We believe these two phases of the 
onset of the response to be due to a synchronous depolarization of the lower 
ends of the neurones beneath the recording electrodes followed by a synchro- 
nous invasion of their superficial processes with simultaneous repolarization of 
the lower extremities. Behind the wave-front of excitation which caused a 
synchronous discharge, the neurones break into asynchronous repetitive 
activity for 1-4 sec until the response ends. During the whole of the remainder 
of the response a fairly steady level of surface-positivity is maintained. This 
steady potential is the time-integral of the asynchronous potentials due to all 
neurones beneath a surface electrode; each neurone is involved in a repeating 
cycle of activity which first depolarizes its lower and then its upper end. The 
steady mean surface-positivity during the response can be explained by 
assuming that depolarization lasts longer at the deeper end of the structure 
than elsewhere. The experiments with superficial local anaesthesia also support 
the assumption that each time one of these neurones discharges, depolarization 
invades the main process running toward the surface. The oscillatory com- 
ponent of potential caused by the periodic reversal of the dipole is very 
susceptible to the effects of surface anaesthesia (Fig. 8); as the local anaesthetic 
diffuses into the braia, it presumably first prevents the spread of excitation to 
these superficial processes. 

All our evidence suggests that the links of the chains available for self- 
excitation (Burns, 1951) lie in a tangential plane a little below 1-2 mm depth 
and that'the main radial extensions of the neurones are in no way involved in 
the spread of excitation from neurone to neurone. It seems reasonable then 
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to assume that the normal function of these processes must be to receive 
excitation from some superficial structure. It has been assumed in earlier work 
(Burns, 1950) that stimulation of the cortical surface produces a surface- 
positive response, only when excitation is transmitted via synapses from 
neurones of type A to those of type B. Since the type B neurones have now 
been shown to possess processes which must stretch into the field of stimulating 
current it seems possible that both surface-negative and surface-positive 
responses are the result of direct excitation. None of our experiments provide 
conclusive evidence on this point; however, the experiments with very super- 
ficial cuts suggest that excitation due to weak stimulating currents is by way 
of synapses linking neurones A with B (Fig. 10h). When a stimulus strength, 
only just sufficient to produce a surface-positive response, was used in these 
experiments a very superficial cut which was sufficient to prevent the spread 
of the surface-negative response on one side of the stimulating electrodes (see 
Fig. 7) would prevent the surface-positive response from developing at all. 
A slight increase of stimulus strength, causing a corresponding increase in 
negative response on the proximal side of the cut would allow the surface- 
positive response to develop again and of course to spread beneath the shallow 
cut and invade the whole isolated slab of cortex. On account of this observa- 
tion we have felt temporarily justified in drawing (Fig. 10) —— links () 
between the two neurone types that have been inaenssem 


SUMMARY 

1. Experiments with slabs of neurologically isolated cerebral cortex in the 
unanaesthetized cat are described. 

2. The purpose of these experiments was to determine the position and 
shape of neurones giving the surface-negative and surface-positive responses to 
single stimuli. 

3. For this analysis a study was made of (a) the spatial distribution of 
potential around the active neurones; (b) the effects of measured superficial 
cuts and local anaesthetic upon the spread of the two responses; (c) the dis- 
tribution of excitabilities with varying depth of a micro-stimulating electrode. 

4, The conclusions drawn from these experiments are illustrated in Fig. 10. 


This work was supported by a grant-in-aid from the National Research Council of Canada, to 
whom we are grateful. 
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CIRCULATORY EFFECTS OF 5-HYDROXYTRYPTAMINE 
By THE Late G. 
From the Department of Physiology, University of Melbourne 
(Recewed 8 May 1952) 


The existence of a vasoconstrictor agent in serum or defibrinated blood has 
been known for a period of about 80 years. The first noteworthy progress in the 
identification of the active substance was made by Rapport, Green & Page 
(1948a, b) who isolated the vasoconstrictor principle, naming it serotonin, and 
by Rapport (1949) who identified it as 5-hydroxytryptamine. This compound, 
which has since been synthesized by Hamlin & Fischer (1951) and by Speeter, 
Heinzelmann & Weisblat (1951), has been shown to be chemically identical 
with the substance isolated by Rapport. 

Recently (Reid & Rand, 1951; Rand & Reid, 1952), we reported the actions 
of the vasoconstrictor partially purified by the method of Rapport e al. 
(1948a). All these actions appeared to be due to a single substance, a con- 
clusion which was further supported by the fact that they were mimicked by 
those of one group of compounds—the indolalkylamines. So far as the vascular 
effects in the cat are concerned it was vasoconstrictor in the hind-limb and 
kidney, and liberated adrenaline from the suprarenal gland; but did not appear 
to be a very potent pressor agent. Its pressor effect was usually preceded and 
followed by a depression. Previously the action on the cat’s blood pressure 
was not discussed in detail because of the possibility that impurities may have 
been responsible for the depressor phases, although it had been shown (Reid, 
1951) that tryptamine caused similar changes in blood pressure. More recently 
(Reid & Rand, 1952), a sample of synthetic 5-hydroxytryptamine, kindly 
given us by Dr Rapport, was shown to have all the muscle stimulating and 
vascular actions of the partially purified substance. Many of these actions are 
possibly of no importance physiologically; their importance lies in the fact 
that they may be used to identify, by pharmacological tests, the active sub- 
stance in tissue extracts. On the other hand, the vascular effects demand more 
attention because this substance is liberated from platelets and has a possible 
importance in haemostasis and in vascular accidents. Indeed it has been 
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suggested (Moolten, Vroman, Vroman & Goodman, 1949) that serotonin 
formed from platelets in the peripheral circulation acts locally as a factor in 
maintaining arteriolar tone. 

With further supplies of 5-hydroxytryptamine it has become possible to 
investigate its vascular effects in more detail. 


METHODS 
These have been described previously (Reid, 1951) or are referred to in the appropriate section 
under ‘Results’, Cats were anaesthetized with chloralose (100 mg/kg). Usually the vagi were 
divided and the animals artificially ventilated. For outflow experiments heparin was used as an 
anticoagulant and the outflow recorded by means of Gaddum’s outflow recorder. 
The salt used was the creatinine sulphate; doses are expressed in terms of the free base, 


Kh 3. 


RESULTS 
Fig. 1 shows the effect produced by the injection of 36ug of 5-hydroxytrypta- 
mine. There is initially a transient fall of blood pressure succeeded by a pressor — 
response which is followed in turn by a depression lasting for several minutes. 


rt 


Fig. 1. Cat, 4-0 kg. Chloralose. Vagotomized. Artificial ventilation. Record of carotid blood 


pressure. At arrow 36g of 5-hydroxytryptamine injected intravenously. Time scale in 
30 sec. 


While this is a common and apparently characteristic type of response to doses 
ranging from 10 to 200g, the particular pattern seen in this figure may be 
distorted by exaggeration or diminution of one or other of the three phases. 
Thus the initial depression is often absent; yet sometimes it is the dominant 
feature (cf. first response in Fig. 11), and in one experiment the blood pressure 
fell rapidly towards zero and did not recover. Again the pressor phase may 
dominate the picture and be unassociated with one or both of the depressor 
phases (cf. Figs. 5 and 6); it may be of longer or shorter duration (for the same 
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magnitude of rise) than as shown in Fig. 1, it may fall away rapidly as though 
interrupted by the processes which are responsible for the succeeding depressor 
phase, it may be insignificant or it may appear during a period of depression 
as a small rise which does not reach the pre-injection level of blood pressure. 
The second period of depression may be the dominant feature succeeding a 
slight pressor response or continuing on from the initial fall, the whole response 
being a depressor one. On the other hand it may be absent. When present, 
it varies in duration from 3 min to over 20 min, and in-magnitude may be 
much greater than in Fig. 1 (cf. Figs. 7 and 10). 

The responses referred to occur whether or not the vagi are divided or 
atropine has been given. The pressor response may be abolished, or reduced 

in magnitude by a previous intravenous injection of yohimbine —— 


(1-2 mg/kg). 
The cause of blood pressure 

The initial steep fall of systemic blood pressure is due primarily to vaso- 
constriction in the. pulmonary circulation. Following the systemic intravenous 
injection of 10-110 wg of 5-hydroxytryptamine the pressure in the pulmonary 
artery rises and simultaneously the pressure in the carotid artery falls. At the 
same time there is a fall of pulmonary venous pressure and a rise of pressure 
in the right anricle. These pressure changes indicate that the rise of pressure 
in the pulmonary artery is due to an increase in resistance and is not cardiac 
in origin. This is further shown by the fact that when injections are made into 
a pulmonary vein so as to by-pass the lungs the rise of pulmonary arterial 
pressure is absent or when present is weaker and occurs after the systemic 
arterial pressure has already begun to rise. Also when injections are made 
into a pulmonary yein the initial fall of systemic pressure is regularly absent. 
Fig. 2 shows the effect on the pulmonary and carotid arterial pressures of 
injecting 36ug of 5-hydroxytryptamine into a pulmonary vein and into 
a systemic vein respectively. In the former case the rise in systemic pressure 
is greater and more prolonged and the initial depression is. absent, (cf. also 
Fig. 8). | 

Fig. 3 shows the changes in right auricular pressure which are associated 
with the initial changes in arterial blood pressure. 

These records are from a cat which had been decapitated under chloralose 
anaesthesia. They show that as the systemic arterial pressure falls the right 
auricular. pressure rises and as the systemic arterial pressure subsequently — 
rises, the auricular pressure returns to normal. 

When the initial fall of arterial pressure is greater and more prolonged, 
cardiac impairment may contribute to it. This is indicated by the fact that the 
pressure in the pulmonary artery after rising steeply is interrupted by a fall 
towards zero. In one experiment with a cat from which the adrenals had been 
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Fig. 2. Cat, 2-9 kg. Chloralose. Vagotomized. Thorax open. Artificial ventilation. Upper tracing: 
pressure in pulmonary artery. Lower tracing: pressure in carotid artery. The first two 
injections were made through a pulmonary vein as denoted by J.P.V. and the third through 
the saphenous vein as denoted by J.8.V. At Sal., 1-0 ml of 0-9% (w/v) sodium chloride and 
at HT, 36 ug of 5-hydroxytryptamine were injected. At the arrow the drum was stopped for 
4 min. Time in 30 sec. 


Fig. 3. Cat, 2-0 kg. Chloralose followed by decapitation. Upper record: pressure in right auricle. 


Lower record: pressure in carotid artery. At arrow 110yg of 5-hydroxytryptamine injected 
intravenously. Time in 30 sec. 
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_ removed the blood pressure fell rapidly, death resulting in 3-4 min; on opening 
_ the thorax, the right heart was engorged and the left heart relatively empty. 


The failure of the heart in such instances is probably attributable to the 
impaired coronary flow resulting from the low arterial pressure, a direct vaso- 


constrictor action of the drug on the coronary vessels possibly contributing. 


When the adrenals are intact an initial profound fall of arterial pressure may 
after several minutes give place to a rapid rise with increase in heart rate due 


- evidently to the release of adrenaline secondary to anoxia (cf. Fig. 9). 


Fig. 4. Cat, 2-8 kg. Chioralose.. Vagotomized. Eviscerated, aorta tied below renal arteries which 
were also ligated. Record of carotid blood pressure. Except for last injection which was given - 
intravenously injections made into cut stump of superior mesenteric artery. HT’, 5-hydroxy- 

in doses as indicated. S, 0-5 ml. ee erwronly. 
R, Time in 30 sec. 


i The nature of the pressor response 
Unlike tryptamine, 5-hydroxytryptamine liberates adrenaline inom the 
suprarenal glands, as can be demonstrated by the method of Feldberg & Minz 
(1931). Fig. 4 shows the effect of injecting 0-25, 0-75 and 1-0yg into the cut 
stump of the superior mesenteric artery of an eviscerated cat in which the 
aorta was tied below the renal arteries which were also ligated. The effect of 
0-5 ml. of cat serum is shown for comparison. The intravenous injection of 


-2-0ug had a slight depressor action only. While this direct action on the 


suprarenal gland probably contributes to the pressor effect of large doses given 
intravenously, the drug has an independent pressor action, since changes in 
blood pressure similar to those already described occur in adrenalectomized 

Venous outflow experiments. A vasoconstrictor action of 5-hydroxytrypta- 
mine has been demonstrated in the hind-limb, in the whole of the vascular 
field supplied by the aorta distal to the inferior mesenteric artery, in the 
splanchnic area and in the kidney. When the drug in doses of 1 vg or more is 
injected into the femoral artery through the cut stump of a muscular branch 
the outflow from the femoral vein increases transiently followed by a decrease 
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lasting up to about 5 min. When the drug is given intravenously to the 
pres ie. tr cat the outflow decreases during the initial depressor phase 
and may remain reduced throughout the remainder of the blood-pressure 
response or may increase somewhat during the earlier part of the pressor phase 
though proportionately less than the rise of pressure. 


Fig. 5. Cat, 4-1 kg. Chloralose. Vagotomized. Artificial ventilation. Eviscerated and adrenal- 
ectomized. Upper trace: outflow from vena cava in mid-abdomen. Lower traces: carotid 


blood pressure. At arrow 90yug of 5-hydroxytryptamine injected intravenously. Time in 
30 sec. 7 


Fig. 5 shows records obtained from an experiment on an eviscerated and 
adrenalectomized cat. The outflow from the inferior vena cava in the mid- 
abdomen was returned to a reservoir connected to the inferior vena cava just 
below the renal veins. The aorta was occluded for 5 min during the insertion 
of the caval cannulae. The upper tracing shows the outflow from the hind-part 


of the animal and the lower tracing the carotid blood pressure. The intravenous | 


injection of 904g of 5-hydroxytryptamine caused a diminished outflow 
beginning with the initial depression and continuing during the pressor phase. 
Following the latter the blood pressure returned to a level lower than it was 
before injection, and neither the pressure nor the venous outflow had returned 
to the pre-injection level in 20 min. Unfortunately the recorder in this experi- 
ment did not respond to volumes less than about 1 ml.; nevertheless, the 
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| experiment clearly indicates a decrease in blood flow with a very marked 


pressor response. In this same experiment the injection of 2g into the cut 
stump of the inferior mesenteric artery caused a decrease in outflow with 
a negligible change in blood pressure. 

Fig. 6 shows the outflow from the peated: vein of an icadsenalesteninnd cat; 
the aorta was occluded above the coeliac artery for 4 min during the insertion 


of the portal cannula. The portal blood was returned to the right external 


Fig. 6. be 2-7 kg. Chioralose. Vagotomized. Artificial ventilation. Adrenalectomized. Upper 
trace: outflow from portal vein. Lower trace: carotid blood pressure. In the first panel 
dng of Bhydroiyeyet ine was injected intravenously. In the second panel injections 
were made into the lower thoracic aorta through fine plastic tubing pushed up the aorta from 

a nee ey HT, 5-hydroxytryptamine. Sal., 1-0 ml. of 0-9% saline. Time in 30 sec. 


jugular vein, the liver receiving no portal flow. The drug was injected intra- 
venously or into the lower thoracic aorta through a fine plastic tubing inserted 
via the left iliac artery. Intravenous injection of 44 wg caused a rise of pressure 
with a diminished outflow; intra-arterial injection of 134g caused a transient 
increase followed by a decrease in outflow. 

To investigate the action of the drug on the renal vessels experiments of the 
following type were performed: The cat was eviscerated and the adrenal veins 
ligated or the adrenals were removed. The aorta and inferior vena cava were 
tied below the renal vessels. A cannula directed cranially was inserted into the 
vena cava immediately below the entrance of the renal-veins and connected to 
delivery tubing which was for the time being closed with aclip. The aorta above 
the renal arteries was temporarily occluded and the vena cava tied above the 
entry of the renal veins. A reservoir and cannula were connected to the cava 
above the proximal ligature. The aorta and delivery tubing were unclipped and 
the blood which now flowed through the caval cannula was returned via the 
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outflow recorder to the venous reservoir. The left ovarian or. spermatic vein 
was tied off and the small amount of blood which still returned by anastomotic 
channels to the lower abdominal part of the vena cava was also delivered by 
means of cannula and tubing to the venous reservoir. The effect of an injection 
of 5-hydroxytryptamine was variable, but usually the blood flow fell during 
the initial depression, rose during the rise of arterial pressure and then 


_ Fig. 7. Cat, 20g. Chioralose. Vagotomized. Artificial ventilation. Upper record: hind-limb 
| volume. Lower record: carotid blood pressure. In first panel 88g of 5-hydroxytryptamine 
injected intravenously. In second panel injections given through opposite iliac artery. 
HT, 5-hydroxytryptamine, Sal., 1-0 ml. of 0-9% saline. Time in 30 sec. Interval between 
panels, 12 min. 


decreased for a period of up to several minutes. Consideration of the changes 
in flow and in arterial pressure indicated an increase in resistance in the kidney. 
An injection of 20-100 ug of 5-hydroxytryptamine into the cut stump of the 
superior mesenteric artery caused a slight decrease in outflow lasting for up to 
a few minutes. | 
Four such experiments have been performed, and they suggest that 
5-hydroxytryptamine has a weaker vasoconstrictor action in the kidney than 
elsewhere. 

Plethysmograph experiments. The volume of the hind-limb decreased when 
5-hydroxytryptamine was injected intravenously, and this decrease in volume 
continued as a rule for a short time after the pressor phase and sometimes 
right throughout the ensuing depression. When the drug was injected into the 
vascular supply of the limb through the opposite iliac artery a small dose 
(1-204g) caused a shrinkage in volume without much change in arterial blood 
pressure. Fig. 7 shows the changes in leg volume and in arterial blood pressure 
after injection of the drug intravenously and intra-arterially respectively. 
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__ The transient increase in outflow from the femoral or portal vein (cf. Fig. 6), 
_ which may be seen following the intra-arterial injection of 5-hydroxytrypta- 
_ mine, is probably explainable by the squeezing out of the blood contained in 
} © the contracting vessels (the part played by the spleen so far as the outflow 
_ from the portal vein is concerned was not explored). However, the plethysmo- 
_ graph experiments show a slight but quite definite increase in limb volume 
following the intra-arterial injection of 5-hydroxytryptamine, an effect which 
_ is not given by the injection of saline alone. Whether this is due to a transient 
active dilatation or to a passive dilatation due to constriction first occurring in 
) the venules, it is not possible to state. 
__ Relationship of the heart to the pressor response. The action of the drug on 
the heart has been studied by Langendorff’s perfusion method and 
eardiometry. 
When the heart is perfused by Langendorff’s method, the injection of 
_ 4-200ug of 5-hydroxytryptamine into the Ringer solution proximal to the 
cannula increases the amplitude and rate of the heart beat and also the 
_ coronary flow. These results resemble those observed by Laidlaw (1912) in 
_ experiments on the action of tryptamine on the perfused rabbit’s heart. 
Cardiometric methods in the ‘intact’ animal do not indicate that an increase 
_ in cardiac output contributes significantly to the pressor response. A glass 
_ cardiometer was placed around the heart below the auriculo-ventricular ring; 
or the pericardium itself, into the apex of which a large tracheal cannula was 
tied, served as the cardiometer chamber, the sac being drawn taut by traction 
| on the cannula, Recording was done by means of a large loose tambour. 
_ Provided one bears in mind that the recorded amplitude may be influenced by 
_ changes in rate as well as by changes in the stroke output of the heart, the 
-. records can be used to _— a qualitative indication of changes in cardiac 
output. 
_ Following the intravenous injection of 40-150 ug of 5-hydroxytryptamine 
| into an adrenalectomized cat there is initially an increase in the ‘stroke 
_ volume’, and an increase in diastolic volume of the heart. When the pressure 
_ inthe pulmonary artery is recorded also, it can be seen that the initial increase 
- in ‘stroke volume’ occurs simultaneously with the rise of pulmonary and the 
» fall of systemic arterial pressures, The apparent increase in stroke volume 
_ cannot be due to an action of the drug upon the heart because it is slight or 
absent when injections are made into the pulmonary vein, and seems therefore 
_ to be related in some way to the distension of the right side of the heart which 
results from pulmonary vasoconstriction. 
__. Fig. 8 shows a series of responses from an adrenalectomized cat. The upper 
{ — tracing is the cardiometer record (using the pericardial sac as a cardiometer 
3 chamber); the middle and lower tracings are of the pulmonary and carotid 
_ arterial blood pressures respectively. The first injection of 110~g caused an 
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increase in ‘stroke volume’ simultaneously. with the fall of systemic pressure 
and the rise of pulmonary pressure. This was shortly followed by a decrease in 
‘stroke volume’. Apart from an initial increase, lasting for about 1 min, heart 
rate was unchanged. Later in the experiment (see second panel, Fig. 8) 
injection into the saphenous vein caused initial changes in the cardiometer 
tracing which were an exaggeration of those shown in the first panel. Through- 


Fig. 8. Cat, 3-O0kg. Chloralose. Vagotomized. Thorax open. Artificial ventilation. Adrenals 
removed. Upper trace: cardiometer record using pericardial sac as cardiometer chamber. 
The upper end of the excursion represents ‘diastolic volume’, Middle trace: pressure in 
pulmonary artery. Lower trace: carotid blood pressure. At the arrows 110g of 5-hydroxy- 
tryptamine was given intravenously as denoted by J.V. or into a pulmonary vein as denoted 


by J.P.V. Between the panels is an interval of 19 min during which two similar injections 


were made, one into a pulmonary vein and the other into a systemic vein, and the cardio- 
meter was adjusted. Time in 30sec. _ 3 


out the experiments three separate injections were made into the pulmonary 
vein, each of which caused a reduction in stroke volume. The action of one 
such injection is seen in the second panel. : ‘ . 

In a previous paper (Reid, 1951) the pressor action of tryptamine was 
ascribed partly to vasoconstriction and partly to a cardiodynamic action. The 
evidence for the latter consisted mainly in the increased amplitude of pulsation 
in the mercury manometer connected with the right ventricle or pulmonary 
artery. The present results suggest that this apparent dynamic action may 
not be due to a direct action of tryptamine on the heart, a conclusion which 


is supported by cardiometric experiments which have since been carried out 


with tryptamine. 
Fig. 9 shows the cardiometer and systemic arterial pressure records from 


a cat with intact adrenals. In this experiment there is an initial steep fall of 


pressure following the injection of 100ug of 5-hydroxytryptamine, associated 
with a slight increase in recorded ‘stroke output’ especially following the first 
injection. The fall of blood pressure is interrupted by a rise which does not 
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reach the initial level and is succeeded by a further fall associated with 
diminution in the stroke output. This effect is interrupted after a few minutes 


_ by a sharp increase in blood pressure and of pulse rate due, presumably, to the 


release of adrenaline consequent upon the impaired blood supply to the central 
nervous system. Following this, once again the stroke volume and the blood 


i: aga are reduced before recovery finally takes place. 


Fig. 9. Cat, 34g. Chloralose. Vagotomized. Thorax open. Artificial ventilation. Adrenals 


intact. Upper trace: cardiometer record. Lower trace: carotid blood pressure. At arrows 
100 ug of 5-hydroxytryptamine injected intravenously. Time in minutes. 


The secondary depressor iia 
This has not been satisfactorily interpreted. Theoretically it may be due to 


decrease in either the peripheral resistance or the left ventricular output. 


Reduction of peripheral resistance may result from a direct vasodilator action 
or from an indirect action mediated through the nervous system or through 
the liberation of a vasodilator agent. No evidence of direct or indirect 


_ vasodilatation has been observed in venous outflow or — 
experiments. 


The following experiments also lend no support for indirect action tnediated 
through the nervous system. As Fig. 3 indicates, the secondary depressor 


_ Tesponse occurs in decapitated animals. Injection into the carotid artery does — 
not elicit a depressor response, whether or not the sinuses are denervated. In 


one experiment the vagus nerves were divided, the sinuses were denervated 
and an injection of 12 4g was made through a fine hypodermic needle into the 
left carotid artery. This was without effect on the blood pressure. The same 


: dose injected through the saphenous vein gave a particularly good secondary 
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depressor response. This experiment indicates that the depressor phase is not 


due to an action of 5-hydroxytryptamine in that part of the nervous system 
supplied by a carotid artery; it also shows that the depressor response following 
intravenous injection does not depend on the carotid sinus mechanism. In one 
experiment in which the thorax was open an injection of 100~g was given 
headwards through a fine hypodermic needle in the innominate artery so that 
it might enter that part of the nervous system supplied by a vertebral artery. 
Again there was’ no depressor phase in the response. Indeed intra-arterial 
injection has never evoked it except in one experiment (Fig. 10), when injection 
was made through a plastic catheter passed up the aorta from the iliac artery 
so that it opened close to the aortic valves. ! 

Another way in which indirect reduction in peripheral resistance could con- 
ceivably occur is by the liberation of a vasodilating agent. The liberation of 
adrenaline from the suprarenal gland cannot be responsible for the secondary 
depressor phase for it is met with in the adrenalectomized animal. The 
liberation of histamine seems to be excluded by the fact that it still occurs 
after intravenous administration of diphenhydramine (benadryl) or mepyra- 
mine (anthisan). | 

So far as reduction in left ventricular output is concerned this could result 
(1) from a reduction in venous inflow due to trapping of blood elsewhere in the 
circulation, or (2) from impaired performance of the cardiac muscle. It has 
been shown already that accumulation of blood in the right heart and in the 
pulmonary arterial tree is concerned with the initial fall of blood pressure, but 
the records do not suggest that it is concerned with the later fall. Likewise, 
obstruction in the hepatic circulation seems to be excluded by observations 
of the pressure in the portal vein. This is unaffected, or rises, following the 
intravenous injection of 5-hydroxytryptamine, but the rise of portal pressure 
is greater when it is given’ Via a systemic vein than when it is given directly 
into the portal circulation. Experiments in man, described below, indicate 
that it is a potent venoconstrictor, but plethysmograph experiments already 
described do not show a late increase in volume of the cat’s hind-limb which 
could be attributable to venous obstruction. 

By a process of exclusion, therefore, the evidence points to impaired per- 
formance of cardiac muscle as being responsible for the secondary depressor 
phase. This could be brought about by coronary vasoconstriction. The cardio- 
meter experiments do indicate a fall in the output of the heart but it does 
seem surprising that a greater rise of venous pressure is not recorded during 
the second depressor phase, especially when the fall of blood pressure is as 
great as in Fig. 10. 

Fig. 10 shows the pressure in the carotid artery and in the right auricle of 
a cat with open thorax. The first response resulted from the introduction of 
24g of 5-hydroxytryptamine into the aorta through a plastic catheter 
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“jnserted through the iliac artery the tip coming to rest (as disclosed at 


autopsy) close to the aortic valves and the opening of the coronary arteries. 


The second injection was given through a pulmonary vein. The right auricular 


Fig. 10. Cat, 3-0 kg. Chioralose. Vagotomized. Thorax open. Artificial ventilation. Records of 
right auricular pressure (upper trace) and of carotid blood pressure (lower trace). At HT’, 
24 yg of 5-hydroxytryptamine was injected. In the first panel it was delivered by fine plastic 
ee ee in the second panel it was given into a 
pulmonary vein. Time in 30 sec. 


_ pressure rose by less than 1-0.cm of saline. With depressor responses such as 


that illustrated in Fig. 1, the right auricular pressure rose as a rule only about 


05cm. 


Such a slight rise of right auricular pressure in association with a marked 
fall of systemic arterial pressure makes one hesitate to ascribe it wholly to 
cardiac depression. It is possible that peripheral effects mediated through the 
central nervous system may be partly responsible for the secondary depressor 
phase, and that the experiments so far have failed to detect them. 


The effect of successive injections 

Laidlaw (1912) described a decreased pressor response to tryptamine in the 
cat following repeated injections. Earlier work from this laboratory with both 
tryptamine and with partially purified serum vasoconstrictor showed that 
sometimes the systemic pressor responses became less following two or three 
injections; sometimes there was little change. On the other hand, the pressor 
response in the lesser circulation regularly declined. At that time the question 
of tachyphylaxis was not discussed. Considering the present experiments with 
5-hydroxytryptamine, it appears that the results cannot be adequately 
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expressed simply by saying that the blood-pressure response in the cat shows 
tachyphylaxis. The results show that vasoconstriction in the hind-limb and 
vasoconstriction in the pulmonary circulation become less active with 
repeated doses, While decreased responsiveness of systemic vessels will tend 
to decrease the systemic pressor response, decreased responsiveness of 
pulmonary vessels may tend to increase it. To this must be added the possi- 


Fig. 11. Cat, 2-Okg, Chloralose. Vagotomy. Artificial ventilation. Adrenalectomy. Carotid blood 
pressure. At arrows three successive injections of 50g of 5-hydroxytryptamine were made 
intravenously. Interval between panels 5 min. Time in 30 sec. 


bility that change in sensitivity may vary from one vascular field to another. 


to an intravenous injection may change with successive injections; such is in 
fact the case. Sometimes this consists mainly in a reduction of the pressor 
response (cf. Laidlaw’s results with tryptamine), sometimes the outstanding 
feature is that the initial depressor response decreases. Fig. 11 shows three 
successive injections of 50ug of 5-hydroxytryptamine into an eviscerated 
adrenalectomized cat. With the first injection the initial depression dominates 
the picture, by the third it has disappeared. 


The effect of intradermal and subcutaneous injections in man 


The intradermal injection of 5-hydroxytryptamine in concentrations up to 
1 in 2x 10° were without visible action in the skin over the front of the 


reaction lasting 15 min to 45 min; there is neither itching nor wheal forma- 
tion. When the subcutaneous veins are visible and raised above the surrounding 
skin, a subcutaneous or intradermal] injection causes them to disappear for 
distances up to several centimetres from the site of injection. This effect has 
been observed on the volar surface of the forearm in six subjects and on the 
dorsum of the foot in a sympathectomized subject; it comes on within a few 
minutes, reaches its maximum in about 5 min and persists for periods up to 


& 


In view of these considerations, one would expect that the pattern of response ~ 


forearm. Concentrations greater than this (up to 1 in 10) may produce a red 
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60.min. The smallest dose giving such an effect was 0-1 ug and quite marked 
responses were caused by amounts as small as 1 yg. 


The demarcation between the region of constriction and the region where 


_ the vein appears fully patent may be very sharp indeed so that as one traces 


the full vein heartwards towards the site of injection it seems to come to an 


_ abrupt stop as though the blood were held up by a valve. The constriction may 


be so intense that massage of the vein with the finger cannot force blood 


_ onwards past the contriction, and raising the pressure in a sphygmomano- 
_ meter cuff to 60 mm does not cause distension of the constricted regions of the 


 yeins, 


DISCUSSION 


~ Rarlier work (Reid & Rand, 1951) showed that partially purified preparations 


of the vasoconstrictor of beef serum caused both pressor and depressor responses 
in the systemic blood pressure of the cat. The present results indicate that both 
pressor and depressor phases can be attributable to one substance in such 


preparations namely, 5-hydroxytryptamine. The mechanism by which these 
_ phases are produced has already been discussed with the presentation of the 


results. There is, however, an aspect which has not received attention. The 
intravenous injection of 10-200 wg of 5-hydroxytryptamine into cats under 
chloralose anaesthesia with intact vagi and breathing naturally, causes a brief 


_ period of apnoea lasting up to half a minute. When respiration recommences 


the rate is usually increased and there is bronchoconstriction as evidenced by 
the increased excursion of the intrapleural pressure, decreased excursion of 


_ respiratory movement and increase in the volume of the thorax. The broncho- 


constriction and the associated increase in respiratory rate occur also in 
animals with divided vagi. These respiratory effects will be described more 
fully elsewhere; to what extent they may be responsible for or may modify the 
circulatory effects has not been fully explored, but it is clear that vasocon- 


_ striction in the hind-limb, in the bowel and in the kidney as well as the libera- 


tion of adrenaline from the suprarenal gland are caused by the intra-arterial 
injection into the appropriate field of doses too small to influence respiration. 
Constriction of the bronchioles may conceivably contribute to the pressor 


_ response in the lesser circulation. It is not considered to be a significant factor 


in this respect because characteristic responses of both systolic and pulmonary — 
arterial blood pressures occurred in experiments in which the artificial ventila- 


tion of the lungs as seen through the open thorax wall appeared to be 
_ undisturbed by the injection of 5-hydroxytryptamine. 


One of the most striking features about the action of this substance is the 
contrast between its great activity on isolated tissues and its relative weakness 
as a pharmacodynamic agent when injected intravenously. For example, the 
guinea-pig, mouse or rabbit intestine, the rat uterus and the isolated arterial 
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ring of carotid artery of the sheep give good responses to concentrations of 
1 in 108 (Reid & Rand, 1952). This degree of pharmacological activity is 
comparable with that of histamine on the guinea-pig intestine. Rapport et al. 
(19486) likewise found serotonin to be more actively vasoconstrictor in the 
isolated perfused rabbit’s ear than adrenaline. Further, the experiments 
dealing with its local action on human veins after subcutaneous injection 
indicate that it is an exceedingly potent venoconstrictor. Why,,on the other 
hand, it should be such a weak pressor agent is not clear. Its weak pressor 
action may be attributable to the possibility that its constrictor action is 
exerted mainly on the venous side of the circulation but the plethysmograph 
experiments provide no evidence for this. Another possibility may be that it 
possesses actions such as pulmonary vasoconstriction, coronary vasoconstric- 
tion, or actions mediated through the central nervous system (although not 
actually demonstrated) which modify the effects of systemic vasoconstriction. 
In any case direct arterial injection into the blood supply of the hind-limb, the 
bowel and the kidney has indicated that the threshold dose causing vasocon- 
striction ‘is relatively high, probably 10 to 100 times greater than that of 
noradrenaline similarly injected, although no systematic comparison of these 
drugs has as yet been made. Experiments in which such intra-arterial 
injections are made are not strictly comparable with those in which the con- 
tinuous perfusion of isolated organs with defibrinated blood first drew the 
attention of physiologists to this vasoconstrictor agent; in the former case the 
5-hydroxytryptamine is in the field of injection only transiently before being 
swept on by the blood stream. This probably prevents its exerting its full 
vasoconstrictor action, because isolated organs such as the artery strip respond 
only after an appreciable latency of several seconds. Furthermore, it is possible 
that it is destroyed more rapidly when injected intravascularly in vivo than 
when it is administered to tissues in vitro bathed with Ringer solution. When 
it is applied locally extravascularly as in the experiments in the human 
forearm it probably persists for a longer time. 

A potent local action with a relatively weak systemic action would be in 
keeping with the hypothetical role of this substance in haemostasis. The 
question may be raised as to whether systemic effects such as have been 
_ described ever arise from the liberation of 5-hydroxytryptamine in the body. 
Inspection of Fig. 4 indicates that the sample of cat serum injected at S has 
a serotonin content of 1-5 wg/ml., and this result was confirmed by matching 
on the isolated spiral strip of sheep carotid artery. So far a systematic examina- 
tion of sera for their serotonin content has not been made; two other samples 
of cat serum contained respectively 3 and 4yg/ml. If, for sake of argument, 
we choose the lowest figure, viz. 1-5 4g/ml. then assuming that all the serotonin 
is released during clotting and that the haematocrit value for cat blood is 
334 % (Dale & Laidlaw, 1919), 1-5 ml. of blood will yield 1-5 ug. With a blood 
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volume of 50 ml./kg (Dale & Laidlaw, 1919) a cat weighing 3 kg would contain 
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in its circulation 150g of serotonin. If a large fraction of this amount were 
released rapidly, particularly during passage through the lungs, it is quite 
within the bounds of possibility that occasionally an animal in which this 
took place would suffer respiratory disturbances and severe circulatory failure 
due to pulmonary vasoconstriction. It is possible that such an event may take 
place in anaphylactic shock. So far there is no published evidence that 
serotonin is released in anaphylactic shock but some experiments of Bender 
(1943) are consistent with it. Bender showed that in anaphylaxis in a number 


Such an effect on the pupil is produced by intracarotid injections of indolalkyl- 
amines; it is not produced by histamine nor by the slow reacting substance of 
Feldberg, Holden & Kellaway (1938) (Reid & Rand, unpublished experiments). 
An enormous release of serotonin like that which has just been considered 
must be an uncommon event if, indeed, it ever occurs; on the other hand, the 
question may be raised as to how much is released by the daily wastage of 
platelets. The experiments of Lawrence & Valentine (1947), and a considera- 
tion of earlier work which is reviewed by them, indicate that the total platelet 
mass is renewed every 2-5 days, or that platelets are destroyed at the rate of 
2500/mm/hr. An average platelet count in the cat is 400,000/mm* (Lawrence & 
Valentine, 1947), from which it follows that a fraction of the order of 7%, of the 
_ platelets is lost per hour. Therefore, assuming that the normal wastage of 
_ platelets does-release the active substance, only about 1-2g of serotonin is 
released per hour. In view of the magnitude of the doses required to cause 
vasoconstriction in the various vascular fields of the cat this makes it unlikely 
that the natural destruction of platelets throughout the body plays any part 
_ in the normal maintenance of arteriolar tone.as has been suggested (Moolten 
eal. 1949). 
_ It should be borne in mind that the platelet’s life ends with its utilization, 
_. and many more are likely to be used up locally in association with haemostasis 
_ than are destroyed elsewhere in the body where no haemostatic mechanism is 
for the time being called into action. The volume occupied by the platelets is, 
according to Tocantins (1938), of the order of 0-5% of the blood volume, 
although he gives no figures for the cat as such. This means that the concentra- 
_ tion of serotonin in the platelets must be of the order of 1 ~g/0-005 ml. This 
_ Means that where platelets agglutinate, the liberation of their serotonin will 
result in an exceedingly high local concentration. Isolated artery strips give 
good responses in concentrations of only 1 in 100 million. M. B, Zucker (1947) 
has demonstrated local vasoconstriction of incised vessels in the rat’s 
mesentery in association with the platelet plug, and nearby vessels also show 
_ constriction presumably by diffusion of an active substance. On the other 
_ hand, Akers (1951) has been unable to find these phenomena in experiments 
PH. CXVIII. 39 
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with the cheek pouch of the hamster. It is difficult to pene these two 
groups of observations unless perchance the importance of a locally acting 
vasoconstrictor hormone varies from species to species. 

Prolongation of the bleeding time is so commonly associated in clinical 
medicine with a low platelet count that it is hard not to believe that the cause 
of the prolonged bleeding is the absence of a vasoconstrictor agent which the 
platelets are known to liberate. The failure of the active substance, 5-hydroxy- 
tryptamine, to constrict the vessels responsible for skin colour might appear to 
make such a hypothesis unlikely but it has been shown (M. B. Zucker, 1947) that 
haemostasis of capillary bleeding takes place in a different manner from that 
of bleeding from larger vessels, and it has been shown (H. D. Zucker, 1949) 
that prolongation of the bleeding time in thrombocytopaenia does not occur 
when injury is restricted to the capillaries. The intense venoconstriction 
observed in the human forearm may at first sight appear to be more likely to 
prolong bleeding from that part of the vascular tree distal to the constricted 
veins. It must be borne in mind, however, that following injury, although 
distant vessels may be constricted by diffusion of the active substance the 
maximum effect will be on those responsive vessels which are nearest to the 
site of injury. 

The substance, 5-hydroxytryptamine has recently turned up in another con- 
text, for Erspamer & Asero(1951) have identified it with enteramine, a substance 
derived from the enterochromaffin cells, so that it may prove to have functions 
other than those which one would suspect from its occurrence in the blood 
platelets. Erspamer states that ‘serotonin is nothing but circulating entera- 
mine’. This, however, is unlikely because serotonin does not appear in serum 
until after clotting. 

SUMMARY 

1. The intravenous injection of 5-hydroxytryptamine in doses ranging 
from 10 to 200g causes, in the chloralosed cat, an initial fall of systemic 
arterial pressure followed by a rise and by a more prolonged fall. This pattern 
is varied as a result of exaggeration or diminution of any one of these three 
phases. The response occurs irrespective of whether or not the vagi are divided 
or the cat is atropinized; it occurs also in the spinal cat. The pressor phase is 
reduced by yohimbine. 


2. Theinitial fall is associated with an increase in resistance in the selienary 
circulation. 

3. The drug has a direct stimulating action on the suprarenal medulla. 

4. The pressor phase of the response to intravenous injection occurs after 
adrenalectomy and is due to vasoconstriction which has been demonstrated 
in the hind-limb, the intestine and the kidney. 


5. The cause of the secondary fall of arterial pressure has not been 
satisfactorily elucidated. 
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6. In the human forearm the intradermal or subcutaneous injection causes 
a slight red reaction without itching or whealing. Intradermal or subcutaneous 
injections cause venoconstriction for several centimetres around the site of 
injection. | 

Technical assistance for this work was provided by a grant from the National Health and 
Medical Research Council, Canberra. I am indebted to the workers at Abbotts Laboratories 


os (Hamlin & Fischer, Se 1951) for samples 
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COMPARISON OF INULIN AND ‘ENDOGENOUS 
CREATININE’ CLEARANCES IN YOUNG 
CHILDREN 


By 8, A. DOXIADIS anp MARGARET K. GOLDFINCH 
From the Department of Child Health, University of Sheffield — 
(Received 16 May 1952) 


The measurement of the glomerular filtration rate in young children presents 
several special difficulties. Continuous intravenous infusions of inulin are 
unjustified in normal babies because of the occasional need for a ‘cut-down’ 
and the risk of infection. Single intravenous injections are difficult and the 
reduction of the glomerular filtration rate by pain must also be considered 
(Vesterdal & Tudvad, 1950). 

The clearance of ‘endogenous creatinine’ avoids these difficulties and it has 
been used to measure the glomerular filtration rate in children (Suranyi & 
Zimanyi, 1948), although there is no adequate evidence that it does so 
(McCance, 1950). Brod & Sirota (1948) measured simultaneously the ‘endo- 
genous creatinine’ and mannitol clearances in four children aged 2-23 months. 
They calculated the inulin clearance by multiplying the mannitol clearance 
by 1-1 and found that the ratios of the ‘endogenous creatinine’ to the inulin 
clearance varied from 0-55 to 0-69. Hare, Goldstein, Barnett, McNamara & 
Hare (1949) claimed that, by using a method of creatinine estimation which 
involved adsorption on to and elution of creatinine from Lloyd’s reagent 
(R. 8. Hare, 1950), they obtained in twenty-two normal subjects aged 1 week 
to 40 years an average ratio of ‘endogenous creatinine’ to inulin clearance of 
1-03 with a range of 0-82-1-26. 

In the present work an attempt has been made to assess the value of the 
“endogenous creatinine’ clearance as a measure of glomerular filtration rate in 
infants and young children by comparing it with the inulin clearance. The 
administration of inulin subcutaneously simplified the procedure and proved 
satisfactory. | 

METHODS 

Material. The clearances were estimated in seventeen young children aged 6-42 months and 
in three older children aged 9-11 years. Two of the young children were suffering from nephrosis 
(cases 6 and 7) and a third (case 17) had a slightly raised blood urea, possibly the result of an 
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old and healed pyelonephritis, These three cases have been included because there was no 
difference between the ratios of the ‘endogenous creatinine’ and the inulin clearance of these 
patients and the ratios of the other children who had neither clinical nor laboratory evidence of 
renal impairment. 

Procedure. The estimation of clearances began between 2} and 3 hr after the first meal of the 
day in order to reduce the plasma inulin blank to a minimum, This meal consisted of milk and 
cereal for the infants and milk, bread and butter for the children. Blood was taken from either 
the external or internal jugular vein, and immediately afterwards a single injection of inulin with 
hyaluronidase (0-3-0-4 g inulin/kg body weight together with 100-500 units of hyaluronidase) was 
given subcutaneously into the anterior abdominal wall. During the next hour the child was 
offered water sweetened with saccharin to drink at frequent intervals. Approximately 60 min 
after the injection of inulin a catheter was inserted into the bladder and left in. The child was 
maintained at an angle of approximately 30° to the horizontal on a metabolism bed to ensure good 
drainage. The collection of urine for the estimation of the clearance began 90 min after the 
injection of inulin (Vesterdal, 1950). In a few of the later experiments on small boys it was found 
necessary to give an intramuscular injection of paraldehyde for mild sedation. In the three 
experiments on older children urine was passed spontaneously. 

Three or four accurately timed specimens of urine were collected, the actual time of each 
specimen varying from 8 to 30 min according to the degree of diuresis. Venous blood was 
collected at the beginning, middle and end of the urine collection at approximately 90, 135 and 
180 min after the inulin injection. Plasma inulin values at the mid-point of the collection period 
were used for the calculation of the inulin clearances. The urine drained from the bladder through 
the in-dwelling catheter into volumetric flasks of suitable capacity containing a known amount of 
water to keep the inulin in solution. 

Analytical methods, Inulin determinations were made by Cole’s modification of Roe’s method 
which has been described by Bacon & Bell (1948). 0-5 ml. of a 1/4 trichloroacetic acid filtrate from 
heparinized plasma, separated and precipitated within 1 hr of taking, was used for plasma inulin 
determinations. The urine was further diluted before analysis and the concentration of trichloro- 
acetic acid was kept the same in each tube, as this affected the calibration curve. 

For the creatinine estimations the Bonsnes & Taussky (1945) modification of the Jaffe reaction 
was used. Plasma proteins were precipitated by adding 1-0 ml. of plasma, 0-5 ml. of 10 % (w/v) 
sodium tungstate and 0-5 ml, 0-75N-sulphuric acid to 6 ml. of water, giving a 1/8 dilution. 

The recovery of inulin added to plasma varied from 98 to 100 % and the recovery of creatinine 
from plasma using the Bonsnes & Taussky (1945) method on a modified Folin-Wu filtrate varied 
from 97 to 106 %. Attempts were made to use R. 8. Hare’s (1950) method in which the creatinine 
from 2 ml. of protein free filtrate (obtained by precipitating the proteins in 0-5 ml. of plasma with 
trichloroacetic acid) is adsorbed on to Lloyd’s reagent in the presence of 0-2 ml. of saturated 
oxalic acid. Alkaline picrate, prepared by mixing 5 parts of 0-04M-picric acid, 1 part 10 % (w/v) 
sodium hydroxide and 12 parts distilled water, is used to elute the creatinine. A Hilger-Spekker 
absorptiometer with micro cells and Ilford filter no. 603 was used for the colorimetry instead of 
& Beckman spectrophotometer which R. S. Hare (1950) recommended. 


RESULTS 


The local swelling from the subcutaneous injection disappeared within 5 min., 
and there was no local inflammatory reaction or any other untoward effect. 
The concentration of the inulin in the plasma during the period of urine 
collection (i.e. after 90 min from the injection of the inulin) varied from 
13 to 31 mg/100 ml. The difference between any two consecutive plasma 
inulin values was less than 5 % in twenty-two of the forty-two instances and 
less than 10 % in thirty-two. In the remaining ten, greater differences were 
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observed, but the value obtained by interpolation gave results which were 
similar to those of the preceding collection periods (cf. cases 2 and 3a). 

In Table 1 are presented all the data from the estimations of five clearances 
in four children representative of the various age groups. It may be seen that 
the ratio of the ‘endogenous creatinine’ to the inulin clearance varied little in 
the consecutive collection periods. The difference in the values of both 
clearances between collection periods 2 and 3 in case 1 have been attributed 
to incomplete emptying of the bladder at the end of collection period 2. In 
Table 2 are presented the average results of the estimations of the “endogenous 
creatinine’ and of the inulin clearances and their ratio from the remaining 
children. 

It may be seen from Tables 1 and 2 that most of the inulin clearances of the 
children with normal renal function fall within the range of the inulin clearance 
of normal subjects. The average ratio of the ‘endogenous creatinine’ to the 
inulin clearance for the three or four collection periods was 0-34—0-67 in the 
children with normal renal function and 0-49-0-66 in the three patients with 
evidence of renal disease. In the three older children it was 0-68-0-78, higher 
therefore than any obtained in the younger age group. 


DISCUSSION 


The injection of inulin subcutaneously has been used by previous workers. 
Findley & White (1940) did not obtain absolutely constant plasma values 
after subcutaneous injection of inulin in one adult but the clearance values 
compared well with those obtained in a constant infusion experiment. 
Vesterdal (1950) obtained a smooth curve following subcutaneous injection 
of inulin in children, and the plasma values were nearly constant between 90 
and 200 min after the injection. Calcagno & Rubin (1951) reported a constant 
concentration in the plasma between 90 and 190 min following subcutaneous 
injection of inulin in one child on two occasions. The results of the present 
series agree with those of previous workers, and demonstrate that in young 
children plasma inulin concentration after subcutaneous injection is sufficiently 
constant to permit the measurement of glomerular filtration rate. 

The large number of modifications of the original Folin method for the 
estimation of plasma creatinine suggests that none is entirely satisfactory. 
In this work the estimation of the small amounts of creatinine present in 
children’s plasma (0-4—0-8 mg/100 ml.) proved difficult. The sensitivity of the 
_ Jaffe reaction in the Bonsnes & Taussky modification was such that differences 
of 0-5ug were not significant with the Spekker absorptiometer, and such 
a difference affects the creatinine concentration by 0-08 mg/100 ml. when 1 ml. 
of plasma is used. The two estimations performed on the same child under 
similar conditions illustrate this difficulty (cases 3 and 3a). The values for the 
inulin clearance were much the same, and the difference of the ratios was due 
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TABLE 2. ‘Endogenous creatinine’ and inulin clearances and their ratio in sixteen children 


Inulin Creatinine 
in No. of “Or 
fos aber (mg/100 m*/min) Cin Average 

6 4 18- 4164 61- 99 0-51 33-50 0-48-0-50 0-49 

7 3 15-2-21-8 45- 92 0-45 28-44 0-47-0-61 0-56 
ll 3 26-5-28-2 77-105 0-65 42-61 0-55-0-66 0:59 
11 3 25-6-21-2 46-161 0-48 31-93 0-55-0-67 0-60 
12 4 148-186 106-130 0-59 56-66 0-50-0-54 0-53 
20 4 19-5-20'3 101-150 0-47 51-72 0-47-0651 0-48 
21 5 188-224 122-180 0-58 54-83 0-46-0-51 0-48 
24 4 19-21-2 90-153 0-46 42-65  0-42-0-50 0-46 
24 3 20-4-21-0 65- 79 0-57 36-41 0-51-0-56 0-53 
24 3 18-2-26-2 86-107 1-03 35-42 0-38-0-41 0-40 
29 4 13-0-13-8 154-189 0-88 48-66  0-31-0-37 0-34 
29 4 22-28 61- 97 0-86 39-65 0-64-0-67 0-66 
42 3 25-7-27-6 79-106 0-7 20-42 0-38-0-48 0-40 
108 3 13-7-15-3 131-139  0-67-0-80 96-120 0-7 -0-92 0-78 
132 3 16-8-20-°8 108-143 0-8 -0-91 86-93  0-61-0-80 0-73 


to different values for the clearance of the ‘endogenous creatinine’ arising 
from the discrepancy in the plasma values. If the plasma creatinine con- 
centration of the first occasion were used to calculate the creatinine clearances 
of the second, the values obtained would be 78, 81, 77 and 67 ml./1-73 m?/min 
instead of 54, 56, 53 and 46, and the difference of the average ratios would be 
insignificant (4%). Although all the creatinine estimations were performed 
by the same analyst these discrepancies could not be eliminated. | 

It seemed likely that R. 8. Hare’s method (1950) had solved the difficulty of 
estimating small amounts of creatinine in a maximum of 1 ml. of plasma, but 
in our hands this method gave erratic results with both plasma and urine. The 
absorptiometer used was less sensitive than the Beckman spectrophotometer _ 
recommended by Hare, but the errors incurred could not be attributed entirely 
to the different instrument. 

The claims of Hare et al. (1949), that. when creatinine is estimated by their 
method the ratio of the ‘endogenous creatinine’ to the inulin clearance is very 
near to unity, cannot be assessed before the full publication of their results. 
The ratios obtained by them in twenty-two normal subjects aged 1 week to 
40 years varied from 0-82 to 1-26, but it is not stated how many of these 
subjects were infants or young children. In another communication by the 
same team (Barnett, Hare, McNamara & Hare, 1949) it is claimed that such 
a high ratio of the ‘endogenous creatinine’ to the inulin clearance has been 
obtained when plasma creatinine has been estimated ‘by two independent 
methods’. It is unfortunately not stated which the other method was. Our 
own difficulty in using R. 8. Hare’s (1950) method does not seem to be an 
isolated one. Calcagno & Rubin (1951) estimated simultaneously in four 
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infants the inulin and the ‘endogenous creatinine’ clearance using Hare’s 
method for the latter. The ratios, in nineteen periods, varied from 0-55 to 1-22 
(average 0-8), with these two extremes occurring in the same infant in two 
successive periods, These discrepancies may be due to the use of different 
brands of Lloyds’s reagent for the adsorption of creatinine. 

The ratio of the “endogenous creatinine’ to the inulin clearance was found 
to be lower in this series of young children (average 0-51) than in series of adult 
subjects in whom the average was slightly over 1 (Miller & Winkler, 1938; 
Steinitz & Turkand, 1940; Smith, Finkelstein & Smith, 1940; Brod & Sirota, 
1948; Sirota, Baldwin & Villarreal, 1950). In only one series of adult subjects 
was it found to be as low as 0-84 (Blegen, Haugen & Aas, 1949). Each group of 
workers has used a different modification of the original Folin method, there- 
fore comparison of the results is of dubious value. The difference, however, 
between the ratios in infants or young children and in adults is not surprising, 
since it is now known that in infancy a lower proportion of the total serum 
chromogen is creatinine than in adults (Lauson, 1951). 

The present work shows that if the clearance of inulin measures the 


3 glomerular filtration rate (Smith, 1951), the clearance of ‘endogenous creatinine’ 


in young children is too low to be used for this purpose. 


SUMMARY 


1. ‘Endogenous creatinine’ and inulin clearances were estimated simul- 
taneously in young children, to assess the value of the ‘endogenous creatinine’ 
clearance as a measure of glomerular filtration rate. 

2. Twenty-one experiments involving seventy-two collection periods were 
made on twenty infants and young children aged 6 to 42 months and on three 
older children, 9-11 years old. 

3. The ‘endogenous creatinine’ inulin clearance ratio varied in the younger 
age group (6-42 months) from 0-34 to 0-67, with an average of 0-51. In the 
three older children the ratios were 0-68, 0-73, 0-78. 

4. These results show that ‘endogenous creatinine’ clearances estimated by 
the method of Bonsnes & Taussky (1945) cannot be used as a measure of 
glomerular filtration rate in infants and young children. 


We thank Prof. R. 8. Illingworth and Miss E. Finch, M.Sc., for their advice, and Dr J. L. 
Emery for laboratory facilities. 
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A COMPARISON OF THE EFFECTS OF ANAPHYLACTIC 
SHOCK AND OF CHEMICAL HISTAMINE RELEASERS 


By J. L. MONGAR ann H. 0. SCHILD | 
From the Department of Pharmacology, University College, London 
3 (Received 26 May 1952) 


One of the characteristic features of histamine release in anaphylaxis is that 

the quantity of histamine released by the antigen from different tissues varies 
and bears no constant relation to the amount originally present in the tissue 
(Schild, 1939). Some organs of the guinea-pig, for example, intestine, release 
in anaphylaxis only a small fraction of their histamine content—of the order 
of 3%, or less, whilst other tissues such as the aorta and the uterus, release in 
anaphylaxis more than 30% of the histamine contained in the tissue. This is 
in contrast to the unspecific action of grinding the tissue with sand in saline, 
which causes practically all the histamine originally contained in the tissue to 


be freed. It was of interest to find out whether chemical histamine releasers 


would release histamine selectively as it is released in anaphylaxis, or unselec- 
tively as in mechanical disintegration of the tissue. 

In Part I of this paper we report experiments in which the quantity of 
histamine released from different organs of the guinea-pig in anaphylaxis is 
compared with that released by p-tubocurarine or the powerful histamine 
releaser 48/80 (Baltzly, Buck, de. Beer & Webb, 1949; Paton, 1951). Our 
results show that under similar conditions there is a close correlation between 
the fraction of histamine released in sensitized tissues by the chemical 
releasers and by the specific antigen. 

In view of this close quantitative agreement between the two types of 
releaser it seemed possible that previous administration of a chemical releaser 
might prevent the anaphylactic release of histamine and perhaps also the 
anaphylactic muscular contraction. The experiments relating to this are 
reported in Part IT. : 

METHODS 
The methods used for detecting histamine release were similar to those previously used by Schild 
(1939) and Rocha e Silva & Schild (1949). They consisted in first washing thin pieces of tissue 
(weighing 100-200 mg) taken from young sensitized guinea-pigs for 20 min in about 100 ml. 
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Tyrode solution at 37° C. The tissues were then suspended in 1 ml. of Tyrode solution at 37° C, 
well stirred by bubbling oxygen. The quantity of histamine diffusing from the tissue into the 
surrounding fluid in the presence of either the specific antigen or a chemical histamine releaser 
was measured by assaying on guinea-pig intestine, using a four-point method and automatic 
apparatus (Mongar & Schild, 1950). 

For the purpose of comparing the releases by these two classes of substances, adjacent pieces of 
tissue of similar thickness and structure from the same animal were used. Before being assayed on 
the guinea-pig ileum the two solutions were made identical in composition by adding chemical 
releaser to one and antigen to the other in order to equalize any possible interference of these with 
the biological assay of histamine. To prevent bacterial action the solutions were boiled for 1 min. 
They were then diluted at least five times with Tyrode solution as high concentrations of both 
48/80 and p-tubocurarine tend to decrease the sensitivity of the preparation. By interposing doses 
of histamine between those of the diffusates it was possible to obtain satisfactory assays with 
concentrations up to 0-2 mg/ml. 48/80 and 1 mg/ml. p-tubocurarine in the assay solutions. The 
spontaneous rate of release of histamine from the tissues suspended in Tyrode solution was 
measured and subtracted from the total release. It was usually less than 5% of the total activity. 

In referring to the gut-contracting substance as ‘histamine’ we are aware that a slow-reacting, 
gut-contracting substance is released under certain conditions by antigen and chemical releasers. 
In our experiments on isolated tissues, however, the active substance liberated in either case was 
completely antagonized by concentrations of mepyramine just sufficient to antagonize completely 
equiactive doses of histamine. 

Highly sensitized guinea-pigs were obtained by injecting 100 mg of commercial egg albumin 
(B.D.H. flake) intraperitoneally and 100 mg subcutaneously, 3-6 weeks before the experiments. 
p-Tubocurarine (B.P.) was used; the 48/80 was kindly supplied by Dr Kellaway of the Wellcome 


Laboratories as ‘standard depressor substance 48-80a’, It has a formula of the type (Baltzly 
et al, 1949): 


Where R is H or CH, and Z and Z’ are H, CH,OH or CH,Cl. It also contains some dimer and 


tetramer. 


RESULTS 
I. Comparison of chemical releasers and antigen 


It has previously been shown that when the isolated diaphragm of the rat is 
immersed in a solution of D-tubocurarine or when isolated tissues of a guinea- 
pig sensitized to egg albumen are immersed in a solution of egg albumen, hista- 
mine diffuses from the isolated tissue into the surrounding fluid (Rocha e Silva 
& Schild, 1949; Schild, 1939). We have now found that p-tubocurarine and 
compound Piha will release histamine from many isolated tissues of the 
guinea-pig, ese are immersed in Tyrode solution at 37° taining 

histamine liberators in sufficient 
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We tried to find out whether the quantities of histamine thus released are 
related to the histamine content of tissues or unrelated as is the case in 
anaphylaxis, and whether there is parallelism between histamine released in 
anaphylaxis and by synthetic releasers. Before describing these experiments 
the time course of histamine release and the effect of concentration of releaser 
_ were investigated in order to choose optimal conditions for a comparison. 


(a) (b) 
48/80 (1 mg/mi.) Egg albumin (1 mg/ml.) 
7 * Uterus 
x Lung 
A Aorta 


I 
Diffusion time (min) Diffusion time (min) 
Fig. 1. Comparison of time course of histamine release from various guinea-pig 
tissues by 48/80 and antigen. 


Time course of histamine release. Typical release experiments by 48/80 are 
illustrated in Fig. la. These may be compared with histamine release by 
antigen from sensitized tissues, as illustrated in Fig. 1b. It will be seen that 
irrespective of the tissue and releaser used, about three-quarters of the total 
release occurs in the first 10 min. It is difficult to determine with certainty 
when. the release induced by a specific releaser has finished, since as a back- 
ground to any specific release there is a slow spontaneous loss of histamine 
from all tissues even after they have been well soaked in Tyrode to wash out 
any histamine from damaged cells. We have therefore chosen a 10 min period 
as the standard time allowed for histamine ae and diffusion out of the 
tissue into the Tyrode solution. 

Effect of concentration of releaser. In previous work on histamine release by 
D-tubocurarine from rat’s diaphragm the quantity released depended critically 
on concentration: 1 mg/ml. p-tubocurarine produced a maximal release, 
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whereas 0-1 mg/ml. was practically ineffective. A similar critical dependence 
on concentration was recently described by McIntire, Roth & Sproull (1951) 
in a study of histamine release from rabbits’ blood by certain long-chain 
compounds. In the present experiments histamine release also increased 
markedly with concentration as shown in Fig. 2, but in contrast to the previous 


Sik 
Egg albumin 
3 ‘T @ 48/80 
1k 
a 
Concentration of releaser 
Fig. 2. Effect of concentration of antigen and 48/80 on histamine release 
from lung of sensitized guinea-pigs. 


_ experiments in the rat’s diaphragm it was not possible to reach a concentra- 
tion giving a maximal rate of release. Even at the highest practicable 
concentrations the curves show no evidence of flattening out. It is interesting 
that histamine release increases with concentration not only with chemical 
releasers but also when the specific antigen is used. 

In order to compare chemical releasers and the anaphylactic reaction in 
different tissues the following procedure was adopted. In a preliminary series, 
the concentrations of 48/80, p-tubocurarine and egg albumin were determined 
which are equiactive when applied to the isolated diaphragm of a sensitized 
guinea-pig. The following concentrations produced approximately the same 
quantity of histamine from guinea-pig diaphragm: 48/80, 1 mg/ml. ;.p-tubo- 
curarine, 6 mg/ml. ; antigen (egg albumin), 1 mg/m]. These same concentrations 
were then tested on thirteen different tissues of the guinea-pig. 

Histamine release from thirteen different tissues by antigen and chemical 
releasers. In each case adjacent similar pieces of tissue from a sensitized 
guinea-pig were kept for 10 min in solutions of the chemical releasers or 
antigen, and the quantity of histamine diffusing into the surrounding fluid as 
well as that remaining in the tissue at the end of the experiment was determined, 
the Jatter after grinding the tissue with sand and boiling. The results are 


‘ 
. 
‘ 
¥ 
as 
a 
5 
ig 
a 
a 
74 
vA 
+ 
a | 


ANAPHYLACTIC SHOCK AND HISTAMINE RELEASERS 465 


summarized in Fig. 3 and shown in detail in Tables 1 and 2. In Fig. 3 histamine 
release is expressed as a percentage of the initial histamine content calculated 
as the sum of histamine released and histamine extracted at the end of the 
experiment. 


05 


[_] 48/80 (1 mg/m.) 
stbumin (1 mgmt.) 
D-Tubocurarine (6 mg/ml.) 


SSSSSSSS SSS SASS SS SSS SS SSS SS SS SS 


Fig. 3. Parallelism of histamine release by antigen and chemical releasers 


The following main conclusions may be drawn from these results: 

(1) The percentage of histamine released by either antigen or synthetic 
releasers varies markedly in different tissues. It is smallest in the intestine and 
largest in the diaphragm, aorta and uterus. These differences cannot be 
explained in terms of length of diffusion path; for example uterus and small 
intestine, both of which are thin hollow organs, are at the two ends of the scale. 


The absolute quantities of histamine released also vary markedly as shown in 


Table 3, but in this case the order is somewhat different: the lungs move to the 
top of the scale in view of their high histamine content and the diaphragm 
towards the bottom in view of its low histamine content. Even so the gastro- 
intestinal tissues form the most inactive group. 

(2) There is a remarkable overall parallelism between percentage histamine 
released in the anaphylactic reaction and by the two chemical releasers. 
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Tape 1. Comparison of histamine release by egg albumin (1 mg/ml.) and 48/80 (1 mg/ml.) 


Histamine release Histamine remaining 
(48/8) (48/8) 
Tissue albumin 48/80 albumin 48/80 
Diaphragm 0-6 0-5 1-0 0-9 
0-3 0-4 0-4 0-2 
0-7 0-6 1-9 2-0 
0-7 0-8 0-3 0-5 
Aorta | 3-8 76 14 11 
4-2 12-6 12 10 
5-6 15-0 14 24 
1-9 3-2 1 1 
Uterus 1-6 1-2 3-9 2-7 
4-3 40 5-0 55 
1-8 2-0 1-8 0-9 
6-8 78 19 22 
Heart 20 3-5 4-0 5-2 
1-2 1-5 15 
10 28 2-4 
Bladder 1-2 1-5 10 2-2. 
1-1 12 2-5 2-5 
0-6 1-1 45 6-7 
0-5 0-6 1-1 1-2 
Skin 0-6 0-7 3-7 3-3 
0-2 0-2 0-2 
0-5 0-7 3-6 4:3 
0-7 0-9 16 1-4 
Trachea — 35 10-5 10-5 
Ocesophagus 1-6 1:3 6-4 6-6 
0-7 1-3 0-9 1-9 
2-6 1-1 11-0 5-8 
Lung 4-3 6-7 40 2... 
2-6 2-4 52 33 
4-2 4-7 32 23 
43 4:5 38 39 
Stomach 0-1 0-1 2-9 3-8 
: 1-4 10 0-4 0-3 
0-3 0-3 4:8 46 
Spleen 0-7 0-9 9-7 13-0 
0-8 0-8 8-3 9-7 
Large intestine 0-1 0-1 9-6 8-5 
0-3 0-6 15 16 
0-1 0-5 5-2 75 
Small intestine 0-9 10 4-2 3-2 
0-7 0-2 15 20 
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Particularly noticeable is the small release of histamine by the intestine in 
anaphylaxis as well as with 48/80 or p-tubocurarine (it will be shown later, 
however, that a different result is obtained when chemical releasers and 
antigen are combined), whereas diaphragm, aorta and uterus release a large 
proportion of their histamine content with either type of releaser. The 
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‘Taste 2, Comparison of histamine release by egg albumin (1 mg/ml.) and 
p-tubocurarine (6 mg/ml.) from sensitized guinea-pig tissues 


Histamine release Histamine remaining 
(ug/g) 
p-Tubo- D-Tubo- 
Tissue Antigen curarine Antigen curarine 
Diaphragm 0-7 0-6 1-9 13 
0-6 0-7 0-8 1-1 
Aorta 9-6 6-2 11:8 9-3 
8-4 6-4 14] 13-4 
Uterus 6-8. 7-8 19 22 
Heart 1-0 0-8 2-8 3-8 
Bladder 0-7 0-3 46 4-2 
0-3 0-5 5-3 3-3 
Trachea 3-4 5-0 73 8-1 
11-1 
Oesophagus (9-9) 9-5 
Lange’ 
9-2 2-4 
3-7 3-0 11-7 14-6 
| 3-1 2-9 16:1 15-8 
Stomach 0-4 4-9 
Spleen 1-0 0-5 14-5 
0-2 0-4 3-0 3-7 
Large intestine 0-05 0-05 10-6 76 
Small intestine 1-4 0-5 17-6 22-6 
0-2 0-2 20-4 21-3 
TasB_e 3, Histamine content of guinea-pig tissues and average histamine release 
by antigen or chemical releasers 
Histami Histami 
content release Fraction 
Tissue (ug/g) (ug/g) released 
Aorta (10) 17 6-2 0-36 
(11) 40 3-8 0-10 
Uterus (9) ll 3-4 0-31 
& 
8) 
H ; (7) 43 1-1 0-26 
(6) ll 0-97 0-09 
Bladder (9) 3-7 0-93 0-25 
Skin (9) 2-9 0-70 0-24 
Dia (10) 15 0-65 0-43 
mall intestine (10) 27 0-56 0-02 
Large intestine (7) 5-9 0-30 0-05 
Stomach (7) 3-3 0-29 0-09 


The figures quoted are the geometric means of individual results. The number of experiments on 
each tissue is given in brackets. 3 


parallelism is not complete, for example, in the aorta and heart, 48/80 releases 
appreciably more histamine than antigen. This may be due to the fact that 
not all individual cells have become sensitized, hence the antigen interacts 
with fewer cells than the chemical releaser. It is also noticeable that 6 mg/ml. 
D-tubocurarine is generally rather less active than 1 mg/ml. 48/80 except in the 
skin where curare seems to be particularly active. 
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(3) There is no correlation between histamine content of tissues and hista- 
mine release. 

Histamine release from unsensitized tissues. All comparisons were made with 
sensitized tissues. With normal tissues there is, of course, no release by the 
antigen but 48/80 releases amounts comparable to those with sensitized tissues. 
Table 4 compares the results of tests on ‘normal tissues with those obtained 
on sensitized ones. 


Tasix 4. Comparison of histamine release by 48/80 from normal and sensitized guinea-pig tissues 


Geometric means (ug/g) 

Normal Sensitized 
Aorta 6 .(2) 10 (4) 
6 (3) 5 (4) 
Skin 0-3 (3) 4) 
0-6 (1) 1-2 (3) 
intestine 0-5 (3) 0-4 (4 
Diaphragm 1-2 (2) 0-6 (4 


The figures in brackets represent the number of separate determinations. 


Il. Interaction of chemical releasers and antigen 


_ In all the tissues examined, only a fraction of the total histamine contained 


in the tissue was released by chemical releaser or antigen. Since for each 
tissue the fractions released were similar, it seemed possible that the previous 
administration of a chemical releaser might by exhausting the available 
histamine prevent a subsequent histamine release and muscular contraction 
in anaphylaxis. The interactions of chemical releasers and antigen on (a) hista- 
mine release, (6) muscular contraction, are described in the following two 
sections. 
(a) Histamine release 

The results of these interaction studies proved to be complex. It was not 
simply a case of exhaustion of available histamine by one releaser leaving the 
tissue refractory to the action of the other. Depending on the tissue used, 
there was a variety of interactions ranging from simple depletion or ‘desensi- 
tization’ of the tissue, to the reverse process, ‘sensitization’ of one releaser by 
the other. For example, in the intestine previous contact with 48/80 or 
D-tubocurarine produces a greatly increased histamine release by the antigen. 

The technique generally adopted in these experiments was as follows: the 
tissue was placed in solutions of one releaser until the rate of release fell to 
a steady low value. It was then placed in solutions of a second releaser and 
the change in rate of histamine release was measured. 
_ Interaction of chemical releasers and antigen in isolated aorta and lung. In the 
sensitized lung and aorta 48/80 (1 mg/ml.) is able to release most of the 
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available histamine, so that when the antigen is added there is no — 
increase in the rate of release (Fig. 4). 


| a Egg albumin (1 mg/ml.) 
48/80 (1 mg/mt.) 


17% 


0 6 12 18 24 30 36 0 6 12 18 24 30 
Minutes Minutes 


Fig. 4. Release of histamine from aorta and lung of sensitized guinea-pigs; 48/80 followed by egg 
albumin. (The percentage figures are in terms of the total histamine content of the tissue.) 


| (1 mg/ml. 


>» 

04 
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0 ' 
0 6 12 18 24 30 36 0 6 12 18 24 30 
Minutes Minutes 
Fig. 5. Release of histamine from aorta and lung of sensitized guinea-pigs; 
egg albumin followed by 48/80. 


If the experiment is reversed, the antigen being added before the chemical 

 Teleaser the results are not the same. Fig. 5 shows that 48/80 is still able to” 

release further histamine from a tissue previously treated with antigen. 
Attempts were made to abolish histamine release by antigen with lower 


concentrations of the chemical releasers which, though not releasing much 
30-2 
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histamine themselves, might interfere with the antigen-antibody reaction. No 
such effect was observed. Fig. 6 shows that immersion of aorta in 0-01 mg/ml. 
48/80 for 15 min does not interfere with subsequent histamine release by 


8 Egg albumin (1 mg/ml.) 
CJ 48/80 (0-01 mg/ml.) 


0 6 30% 
Minutes 
_ Fig. 6. Release of histamine from aorta of sensitized guinea-pig. 
Dilute 48/80 (0-01 mg/ml.) followed by egg albumin. 


antigen. A similar lack of interference is shown when antigen and 48/80 act — 
together, as shown in Table 5; 0-01 and 0-1 mg/ml. 48/80 cause no reduction 
in the release by antigen. Conversely, the antigen causes no reduction in the 
release by 1 mg/ml. 48/80. _ | 


Conen. egg Concn. Histamine 
albumin 48/80 release 
(mg/ml.) (mg/ml.) (ug/g) 

Nil 5 
0-01 2-6 
0-1 2-8 
1 1 4-2 

Nil 3-9 


In general, it appears that chemical releasers and specific antigen compete 
_ for the same releasable histamine and that prevention of histamine release in 
anaphylaxis by previous administration of 48/80 is due to exhaustion of 
available histamine rather than to interference with the antigen-antibody 
reaction. 
Interaction of chemical releaser and antigen in isolated uterus. The uterus 
shows a behaviour that is in principle similar to aorta and lungs except that 
much higher concentrations of 48/80 are required to abolish histamine release 
by antigen. With 1 mg/ml. 48/80 subsequent release by antigen is not prevented, 
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but after 10 mg/ml. 48/80 release of histamine in anaphylaxis is practically 
completely abolished (Fig. 7). 

Interaction of chemical releaser and antigen in small intestine. A different 
kind of interaction is encountered with small intestine; far from preventing 


(b) 


32. 9% 


(a) 
26% . 26% 


a 


Histamine released (yug/g/min) 


0-8 
04 
0 
0 10 20 0 10 20 30 40 
Minutes Minutes 


Fig. 7. Release of histamine from uterus of sensitized guinea-pig by 48/80 followed by egg 
albumin, (1 mg/ml.). 48/80 concentration: (a) 1 mg/ml., (b) 10 mg/ml. 


the release in anaphylaxis, chemical releasers potentiate it. Small intestine 
contains large amounts of histamine (20-60 yg/g) of which only a few per cent 
can normally be released in anaphylaxis, or by chemical releasers. When, 
however, the tissue is placed in an antigen solution after having been in 
a solution of 48/80, a large release is obtained, many times that given by the 
control tissue which had only been treated with antigen (Fig. 8). There are — 
some further points about this phenomenon which make it interesting. 
Experiment shows that in a piece of intestine that has been completely 
desensitized and has ceased to release histamine by antigen, the application of 
48/80 produces some change which renders the tissue again highly sensitive to 
the antigen (Fig. 9). Fig. 9 shows that this resensitization occurs even when 
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. the chemical releaser has been thoroughly washed out in Tyrode solution for an 
hour; the change produced is a permanent one. This potentiation is not 
a specific action of 48/80; p-tubocurarine has the same action but not to the 


eg (1 mg/mt, 
0-1 48/80 (10 mg/ml.) 


Fig. 8. Release of histamine from small intestine of sensitized guinea-pig. Potentiation of egg — 


albumin release by 48/80. (a) Control with egg albumin alone, (b) 48/80 (10 mg/ml.) followed 


by egg albumin. 
Eee albumin (1 mg/m.) 


Histamine released (yg/g/min) 
= 


Minutes 
Fig. 9. Release of histamine from small intestine of sensitized guinea-pig. ‘Resensitization’ to egg 
albumin by 48/80. (a) Control; desensitization to second dose of antigen, (b) ‘resensitization’ 
to antigen by 48/80. Between drug additions tissue was washed in Tyrode solution. 


same degree. Finally, it occurs only with concentrations of releaser that are 
high enough to release some histamine themselves. Fig. 10 shows four 
parallel experiments on the same piece of sensitized intestine in which 
nereasing concentrations of 48/80 were applied before the antigen; 0-1 mg/ml. 
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48/80 caused no appreciable histamine release above the control values and 
produced no potentiation of the release by the antigen; 1 mg/ml. 48/80 
releases about 2% of the histamine content and causes greatly increased 
histamine release by the antigen; 10 mg/ml. 48/80 produced by itself an 
unusually large histamine release but es caused potentiation of the anaphy- 


lactic release. | 


Tyrode 


10 mg/ml. 


01 mg/ml. 


o 2 


20 


Fig. 10. Release of histamine from small intestine of sensitized guinea-pig. 
Effect of various concentrations of 48/80 on release by egg albumin. — 


(b) Muscular contraction 

It has not been possible to abolish the muscular oinneiilided in anaphylaxis 
by the previous aoamanaeation of chemical releasers either i in the uterus or 
ileum. 

Ileum. In the it was priori that histamine releasers would 
specifically prevent the musculat contraction in anaphylaxis since the 
corresponding histamine release is not prevented but on the contrary poten- 
tiated. Fig. 11 shows, indeed, that in the eam the APAPATOGS, muscular 
contraction is not prevented by 48/80. 

Fig. 11 also shows that 48/80 itself contracts the isolated ileum. It was 
reported by Paton (1951) that 48/80 in concentrations up to 0-06 mg/ml. has 
no action on the intestine, but in our experience a first dose of 0-1 mg/ml. 
produces a contraction to which there is marked tachyphylaxis, and after two 
or three doses the muscle ceases to respond to 48/80. At this stage, however, 


, the antigen still produces, as expected, a marked contraction. 


' Uterus. In the uterus it seemed theoretically possible that the anaphylactic 
muscular contraction would be specifically prevented since a large concentra- 
tion of 48/80 releases practically all available histamine from the uterus. Un- 
fortunately this concentration (10 mg/ml.) also tends to damage irreversibly 
muscular contractility and make the muscle insensitive to histamine. Never- 
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theless, in two experiments in which the antigen was tested after this high 
concentration of 48/80, it still produced a definite contraction (Fig. 12). In 
one experiment the histamine released by the antigen into the bath fluid was 


Fig. 11. Contractions of small intestine of sensitized guinea-pig with 48/80 (0-1 mg/ml.) followed 
by egg albumin (1 mg/ml.). Two or three contractions with histamine (0-01 ug/ml.) have been 
produced between doses to test for changes in sensitivity. C, 48/80; H.A., egg albumin. 


80 
1 mg/ml. 10mg/mi. 


Fig. 12. Effect of massive dose of 48/80 on the histamine contraction 
and anaphylactic reaction of sensitized guinea-pig uterus. 


measured and found to be only slightly greater than the spontaneous release 
from the tissue (cf. Fig. 7). There is therefore some evidence that the anaphy- 


lactic muscular contraction of the uterus may persist even after histamine — 
release has been practically abolished and the muscle has become insensitive 


to histamine. The latter is reminiscent of the production of an anaphylactic 
contraction on a histamine-poisoned uterus (Schild, 1936). 

Lower concentrations of 48/80 (0-5 mg/ml.) contract the uterus, and if 
sufficient time is allowed between injections the effect may be repeated without 
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tachyphylaxis (Fig. 13). If the antigen is added after this concentration of 
48/80 the anaphylactic reaction is in no way diminished as might be expected 
from the fact that histamine release in anaphylaxis is still pronounced after ~ 
previous treatment with this concentration of 48/80. 


Cc Cc Cc 
Fig. 13. Contractions of uterus of sensitized guinea-pig with 48/80 (0-5 mg/ml.) followed by egg 
albumin (1 mg/ml.). Administration of 48/80 does not prevent the anaphylactic reaction. 

C, 48/80; #.A., egg albumin. 


DISCUSSION | 
The parallelism between histamine release by chemical releasers and antigen 
for thirteen isolated guinea-pig tissues is unlikely to be a fortuitous one; it may 
not, however, be universal. There are two factors which make the use of 
isolated guinea-pig tissues particularly suitable for showing up a parallelism of 
this kind. First, by using a diffusion method it is possible to be sure of the 
effective concentration of releaser used, in contrast to perfusion methods in 
which it is generally not possible to be sure of the concentration of injected 
substance at the site of action. Secondly, guinea-pig tissues are likely to be 
fully and uniformly sensitized, and moreover we have made a point of giving 
large sensitizing doses of egg albumin to ensure this. Although up to now it 
seemed that the gastro-intestinal tract was an exception to this uniform 
sensitization, since only a small fraction of its histamine content is released in 
anaphylaxis, our experiments suggest that the intestine is potentially fully 
sensitized but some additional factor such as pretreatment with a histamine 
releaser is required to bring this out. — 
This parallelism may not apply to other species and it may not extend to 
other releasers; for example, we have recently found that cadaverine releases 
a large fraction of the histamine from the skin but not from the uterus. 
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It has been known for a long time that peptone shock resembles anaphylactic 
shock, and more recent work seems to suggest that the chemical histamine 
_ releasers have effects which are similar to those of peptones. Peptones are 
known to cause the release of histamine (Feldberg & O’Connor, 1937), an 
anti-coagulant substance (Rocha e Silva, Scroggie, Fidlar & Jaques, 1947), and 
a slow-reacting gut-contracting substance (Beraldo, 1950), and to produce a 


state of refractoriness after repeated injections. Similarly, chemical histamine 


releasers have been found to release besides histamine, heparin (MacIntosh & 
- Paton, 1949), and a slow-reacting substance (Paton, 1951), and to cause 
a state of refractoriness after repeated injections (Paton & Schachter, 1951). 

A possible explanation of the parallelism between histamine release by 
chemical releasers and antigen would be the production of some degradation 
product of proteins following the antigen-antibody reaction, which acted as 
releasers much in the same way as 48/80 and p-tubocurarine. Quantitative 
examination of the anaphylactic reaction suggests that the amount of 
releaser thus formed could be very small. For example, from Fig. 2 it can be 
calculated that at a concentration of 0-1 ug/ml. egg albumin is capable of 
releasing approximately its own weight of histamine from lung tissue, i.e. one 
molecule of egg albumin is responsible for the release of some hundreds of 
molecules of histamine. The amount.of 48/80 required for the same histamine 
release is about 1000 times greater. Therefore, if a releaser were produced by 
the antigen-antibody reaction it would probably be highly active—much more 
active than 48/80 or p-tubocurarine. A high activity implies a high affinity 
for the site where it acts so that it would not readily diffuse into the fluid. 
Hence even if a histamine releaser is produced as a result of the antigen- 
antibody reaction it may not be easily detectable. 

The results of the interaction experiments on the intestine, however, suggest 
a rather more complex explanation. In this case only the successive applica- 
tion of chemical releaser and specific antigen produced a powerful release, 
neither agent was effective by itself, which suggests that they act presumably 
at different sites. Furthermore, whilst previous addition of the chemical 
releaser greatly potentiates the anaphylactic reaction, even when the chemical 
releaser used for ‘sensitizing’ has been washed out in Tyrode solution for 1 hr, 
the converse is not true; antigen does not potentiate the action of the chemical 
releasers which suggests that the effects of the latter are more far-reaching and 
permanent. Each type of releaser probably involves a loosening of the bonds 
between histamine and non-diffusible molecules in the cell to which the hista- 
mine is attached. In the aorta where the bonds appear to be rather weak 
either releaser is equally effective in liberating histamine. But in the case of 
intestine much firmer bindings seem to be involved necessitating the combined 
action of two releasers to obtain this substantial release. 
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Chemical releasers and anaphylactic muscular contraction 
- Qne of our objects was to find out whether chemical releasers could be used 
to prevent the anaphylactic reaction of plain muscle either by interference with 
the antigen-antibody reaction or by exhaustion of histamine stores. There was 
no suggestion in our experiments of interference with antigen-antibody reaction, 
- on the contrary after pretreatment with 48/80 the anaphylactic reaction in 
_ some cases was potentiated rather than diminished. Inhibition of anaphylaxis 
by exhaustion of histamine stores in the uterus also seemed impracticable, 
since the high concentrations of chemical releaser required damaged the 


- muscle. In order to find out whether exhaustion of histamine stores will, 


indeed, abolish the anaphylactic contraction it would be necessary to use 
a releaser capable of releasing histamine from the tissue without damaging its 
contractility. 


| SUMMARY 

1. Histamine release in anaphylaxis and by chemical compounds was 
measured by immersing sensitized guinea-pig tissues in Tyrode solution 
containing known concentrations of the specific antigen or the chemical 
releaser. The histamine diffusing out was estimated biologically. 

2. The fraction of the total histamine released in the course of 10 min by 
the synthetic polymer 48/80 (1 mg/ml.) and the naturally occurring p-tubo- 
curarine (6 mg/ml.) varied from 2 to 40% according to the tissue used. The 
fraction released from each of thirteen tissues by the two chemicals was similar. 
Moreover, this parallelism extended to the anaphylactic release by egg albumin 
despite the apparently different nature of the two processes. 

’ 8. There was no correlation between histamine content and fraction 
teleased. 

4. Chemical releasers had a similar activity on normal and sensitized 
tissues. 

5. The effect of chemical releasers on histamine released by the antigen 
was studied. Addition of antigen after 1 mg/ml. 48/80 caused no appreciable 
further histamine release in the lung and aorta, and after 10 mg/ml. 48/80 in 
the uterus. The opposite effect was obtained with ileum; the release by 
antigen was greatly increased by pretreatment with 48/80 (1-10 mg/ml.) or 
D-tubocurarine. 

6. The effect of chemical releasers on the anaphylactic contraction of 
isolated uterus and intestine was studied. It was found impossible to abolish 
muscular contraction by pretreatment with 48/80. 

7. The mechanism of histamine release in anaphylactic shock is discussed 
in the light of these results. 
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THE GLYCAEMIC RESPONSE OF RABBITS TO 
L-ADRENALINE AND L-NORADRENALINE AND 
THE EFFECT THEREON OF DIMERCAPROL 


By J. D. P. GRAHAM anD DINAH M. JAMES 


From the Department of Pharmacology, Welsh National School of 
Medicine, Cardiff | 


(Received 26 May 1952) 
According to Bacq, Fischer & Lecomte (1948), dimercaprol (BAL) delays the | 


- gutoxidation of adrenaline because it is a strong reducing agent, and because 


it combines with traces of ionized copper which catalyse the oxidative reaction. 
These authors state that BAL when injected into cats does not alter the 
responses to adrenaline of the blood pressure, nictitating membrane, etc., 
unless the concentration of BAL is high (1%) when potentiation occurs. 
Page & Green (1949) report that BAL in doses of 0-5 ml. given intravenously 
or 2 ml. intramuscularly reduces the response of the blood pressure of dogs 
to injected adrenaline (20 yg total injection). This represents a dosage of 
30-60 mg/kg BAL according to the weight of the animal concerned and is 
within the range of toxic doses. 

In view of the possibility of dimercaprol isditying the pressor responses 
to adrenaline it was decided to investigate its effect, if any, on the hyper- 
glycaemic responses to adrenaline and noradrenaline. 

It has long been known that noradrenaline is the less potent of the two 
amines in producing hyperglycaemia (Sahyun, 1933). Recently it has been 
suggested that L-noradrenaline has about one-eighth the potency of L-adrenal- 
ine (McChesney & McAuliff, 1949), and Goldenberg, Aranow, Smith & Faber 
(1950) state that the ratio in man is one-eighth to one-quarter. In neither 
case are records of the experiment available. Ellis (1951) using L-isomers 
injected intraperitoneally in varying doses into groups of one to four rats 
found a ratio of one-fifteenth, and Ronzoni & Reichlin (1950) using the 
intravenous route in anaesthetized rats one-quarter. From the latter two 
reports it would appear that there is less difference between the potencies of. 
the two amines when given intravenously than intraperitoneally. Schumann 
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(19494, b) compared adrenaline (?1-isomer) with pi-noradrenaline injected 
subcutaneously in rabbits and gave a figure of a fifteenth to a twentieth. The 
volume of injection was kept constant and the amounts of amine varied. 

It seemed to us advisable (a) to compare the two hormones in equimolar 
amounts of base, as L-isomers, the salts being tartrate and bitartrate respec- 


tively, by the intravenous and subcutaneous routes; (b) to determine the effect _ 


of BAL by itself on blood sugar levels, and (c) the effect of BAL upon the 
responses to the amines. | 7 | | 


METHODS 

(a) Twenty-seven rabbits of 1-5-2-5 kg weight were deprived of food but not of water for 36 hr 
and caged individually 12 hr before being weighed and bled. 0-1 ml. of venous blood from each 
was mixed thoroughly in a tube containing a trace of heparin solution. From the pooled sample 
estimates of blood sugar were made by Hagedorn & Jensen’s method. All rabbits were given 
L-adrenaline 40 pg/kg, injected slowly intravenously in a volume of 1 ml./kg in saline. Bleeding 
and estimation was repeated 30 min after injection and then hourly for 5 hr. Seven days later the 
experiment was repeated on the same animals but injected with 40 yg/kg L-noradrenaline. The 
two trials were then repeated after an interval, giving the amines subcutaneously in the same dose. 

(b) Rabbits were taken in sets of six at a time and prepared as described. A fasting blood sample 
was taken from each rabbit and the blood sugar levels estimated individually, Each animal was 
injected intraperitoneally with 1 ml. saline/kg and individual blood samples taken after 30 min 
and hourly thereafter for 5 hr. After 7 days the experiment was repeated, giving BAL 25 mg/kg 
intraperitoneally in the same volume of double distilled water. This procedure was repeated until 
a total of thirty-six rabbits had been so treated. 

(c) A series of seventy-two rabbits was taken in sets of six which were divided into two groups 
of three. After preparation a pooled sample of venous blood was collected from each group, dried 
heparin being used. One group of three rabbits was injected with BAL 25mg/kg intraperitoneally 
and after 30 min the set of six was injected with L-adrenaline tartrate or L-noradrenaline bitartrate 
intravenously in a dose of 50 wg/kg. After 7 days a cross-over test was performed on the groups. 
After 14 days the set was treated with BAL alone and the blood sugar levels again plotted. 
Forty-eight rabbits were so used with adrenaline and twenty-four with noradrenaline. 


_ RESULTS 
The actions of adrenaline and noradrenaline _ 
On injection of adrenaline intravenously or subcutaneously a primary rise in 
blood sugar level occurs: a secondary rise after 2-3 hr may be seen but is not 
usually marked and has not been observed to exceed the initial peak. With 
noradrenaline the initial response is often slow to develop (after 30 min in ten 
out of fifteen determinations, 66%, compared with six out of twenty with 
adrenaline, 30%), and the secondary rise is a more frequent and marked 
feature (see Table 1). | , 

The areas of the plots made on a constant scale of the responses above the 
fasting level can be used as a convenient index of the hyperglycaemic action 
of the compounds and ratios of potency may be calculated from the values 
found. The figures so obtained are shown in Table 2, from which several points 

emerge. (a) Both adrenaline and noradrenaline are more potent in producing 
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TaBxE 1. The effect of adrenaline and noradrenaline on the blood sugar levels _ 
of rabbits 


Time in hours 


00 134 150 110 £497 «100 102 
A sc 94 150 169 150 114 108. 
9% 110 107 180 92 100 93 
NA sc 9 120 116 102 107 «186° 107 


Observed levels of blood sugar in twenty-seven rabbits (pooled samples of blood) in mg sugar/ 
100 ml. blood. The same rabbits were used throughout the experiment and were injected with 
40 yg/kg of L-adrenaline (A) or L-noradrenaline (NA) by the intravenous (i-v.) or subcutaneous 
(s.¢.) routes. 


T. 2 
Ratios of poten 
Amine Route Area of plot, 
A i.v. 1582 A 8.c. fiw. 3-85 
8.C. 6100 NA 8.0. /i.v. 2-40 
NA © iv. 1030 A/NA i.v. 1-53 
NA 1468 A/NA s.c. 4-15 


Potency ratios of t-adrenaline (A) and L-noradrenaline (NA) in producing hyperglycaemia in 
twenty-seven rabbits when injected intravenously (i.v.) or subcutaneously (s.c.) in a dosage of 
40 pg/kg. above the Sating ood 
level, on a scale of 1 mm =1 mg % sugar and 3 min time. 


hyperglycaemia when injected subcutaneously than intravenously (as shown 


by Barbour & Rapoport (1921) for adrenaline). (6) The ratio of activity of 


~~ adrenaline by the hypodermic route to the venous route is greater than the 


sameratiofornoradrenaline. (c) The ratio of activity of adrenalineto noradrena- 
line is greater when the amines are administered subcutaneously than intra- 


. venously (A/NA subcutaneously to A/NA intravenously as 2-7 to 1). These 
~ indices are shown in Table 2. This alteration in potency with alteration in 


route of administration is similar to that reported for rats. 


The effect of BAL on blood sugar levels in rabbits 
The effect: of injection of dimercaprol is generally held to be that it causes 


hyperglycaemia, but reports are somewhat contradictory. According to 


Durlacher, Bunting, Harrison, Ordway & Albrink (1946) 100 mg/kg BAL 
injected intramuscularly into dogs causes a sharp hyperglycaemic response 
for 1-2 hr, followed by hypoglycaemia. Five dogs were tested, an estimate 
of the blood sugar level being made initially and a single estimate being made 
in each dog as it was sacrificed at varying times up to 4 hr 20 min. Grande & 
de Oya (1948) also obtained a rise in blood sugar levels in dogs after injecting 
BAL 25 mg/kg intramuscularly, which began after 30 min and lasted for 
24 hr. Barron, Miller & Mayer (1947) investigated the effects of injecting BAL 
in solution in volumes of 3 ml./kg intravenously into groups of rabbits in con- 
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centrations of 0-01, 0-015, 0-10 and 0-2 m (approximately 3-18, 4-8, 31-8 and =} 
63-6 mg/kg respectively). The numbers of animals in the groups are unspecified 
and some of the mean fasting blood sugar levels quoted are high, but the main 
conclusion reached was that the first three dose levels had no effect on blood 
sugar while the fourth dose produced temporary hypoglycaemia with recovery 
after 2 hr and death later. The terminal blood sugar level was not stated. 


Huisman, Lammers & Siderius (1950) injected albino rats of 100-200 g body 


weight with two doses of 5 mg BAL and noted a rise in blood sugar level after 
90 min. 7 | 
Taste 3. The effect of BAL on the blood sugar levels of rabbits 
_ Time in hours 
Doe 0 0-5 45 
Saline 1 ml/kg. 8042-1 9342-1 88419 90426 8641-7 82+41-2 
25 mg/kg 111431 8842-0 9043-0 85+42-2 


0001>P 
>0-001 


Blood sugar levels in mg/100 ml. blood + 8.8, of the mean, of thirty-six rabbits examined 
individually and treated with saline intraperitoneally and later with BAL 26 mg/kg in the same 
volume and by the same route. There is a rise in blood sugar levels for about 1} hr, veep 
rise during the 4th hr. 


TaBueE 4. The effect of BAL on the hyperglycaemic response to adrenaline and noradrenaline 


Time in hours 
No. of Area of 
Treatment 0 0-5 1-5 2:5 3-5 45 5-5 rabbits plot 
A 102451 129461 119473 1138461 100438 110447 107+3-5 48 1295 
BAL 103430 118455 115472 98442 102450 108445 104+42-7 490 
A/BAL 10643-7 175445 123439 129464 122459 113453 117+7-2 48 2295 
NA 1064+3-0 112496 119435 1138474 98468 9142-2 97+41:8 24 421 
NA/BAL 105435 119463 136487 106426 106430 106429 106+42-8 24 870 


tests, A: A/BAL at 30 min 0-01>P>0-001 
NA: NA/BAL at 90 min 0-02>P>0-01 


of mean. The estimations were made on blood pooled from 
rabbits taken in groups of three, total no. of animals stated in last but one column. Hyperglycaemic effect of 
L-adrenaline tartrate (A) 50 pg/kg injected intravenously, of BAL 25 mg/kg injected intraperitoneally, of 
L-noradrenaline bitartrate (NA) 50 yg/kg intravenously, and of combinations of these. BAL potentiates the 


peak response to the amines. The area of plot is a measure of the hyperglycaemic response on a scale of 1 mm=| — 


1 mg % blood sugar and 3 min time, 


It may be seen from Table 3 that BAL 25 mg/kg injected intraperitoneally 
into rabbits causes a rise in blood sugar level which has appeared within } hr 
and lasts for about 14 hr. Later there is a secondary rise of variable duration. 
The degree of hyperglycaemia brought about by this large dose of BAL is not 
great (+24 and +33 mg% blood sugar at 30 and 90 min after injection.) 
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“The ian: of] BAL on the glycaemic response to adrenaline and noradrenaline 


~ Table 4 suggests that the intravenous injection of adrenaline 30 min after 


intraperitoneal injection of BAL gives a greater response than is obtained from 


control injections of adrenaline alone. Likewise the effect of BAL plus 
noradrenaline is greater than the effect of noradrenaline alone. In fourteen 


out of sixteen trials on groups of three rabbits the blood sugar level at 30 min 
time after injection of adrenaline was higher after BAL than without BAL, 
and similarly for noradrenaline in six trials out of eight. Taking the readings 
of the levels of blood sugar at 30 min time after injection of adrenaline the 
difference between this reading with and without BAL was statistically 
significant (0-01>P>0-001) and similarly for noradrenaline at 90 min time 
(0-02 > P >0-01). The difference between the hyperglycaemic effects of adrena- 

line before and after BAL when measured as a whole (areas of plots) is greater 
than the effect of BAL alone and it may be assumed that BAL potentiates 
the action of adrenaline. : 


DISCUSSION 


The delayed appearance of the peak of the hyperglycaemic response to nor- 
adrenaline as compared to adrenaline applies to the intravenous route of 


’ administration as well as to the subcutaneous route. If noradrenaline is the 
_ less potent pressor substance and less potent constrictor of peripheral vessels 


in rabbits (Burn & Robinson, 1951) one would expect it to be absorbed more 
quickly from the subcutaneous site and there to be less difference between 
its activity when given subcutaneously and intravenously than in the case of 
adrenaline. This is so (see Table 2). But one would not expect to find the 
relative delay in development of the peak of the response to intravenous or 
subcutaneous noradrenaline as compared with adrenaline if constrictor activity 
were the only factor of importance. Noradrenaline has been stated to be more 
susceptible to the action of amine oxidase than is adrenaline (Burn & Robinson, 
1951). If this is so one would expect relatively less noradrenaline to be absorbed 
from the subcutaneous site than adrenaline. The activity ratio A/NA should 


therefore be greater for the subcutaneous route than the intravenous route. 


This is so. (See Table 2.) 

The effect of injected BAL on the blood sugar level of rabbits would appear 
to be related to the dosage, and perhaps to the route of administration. 
Intravenously up to some 30 mg/kg had no effect in groups of five animals 
(Barron et al. 1947) and 38 mg/kg produced temporary hypoglycaemia. The 
latter dose level was lethal. We have found 25 mg/kg tested on 108 rabbits to 
have a hyperglycaemic effect which ‘is of short duration and which shows 


a secondary peak of activity. The hyperglycaemic effect may well be due to 


the known interference with hexokinase activity (Webb & van Heyningen, 
PH. OXVIII. 31 
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1947) and hence with glucose utilization. It is in agreement with the findings 
from work done on other species (rat and dog). 

The peak increase in blood sugar levels caused by injection of adrenaline and 
noradrenaline is greater after BAL than before and the percentage difference 
in response in the case of noradrenaline (+ 109%) is greater than for adrena- 
line (+78%). Addition of the values of the peak increases in fasting blood 
sugar level after adrenaline at 30 min time and after BAL at 30 min time does 


not equal the peak increase after combination of the two, and likewise for — 


noradrenaline at 90 min, There may, therefore, be a degree of potentiation by 
_ BAL of the action of the amines. 


SUMMARY 


1, Adrenaline was found to be more potent than noradrenaline in raising 
the blood sugar levels of fasting rabbits whether injected intravenously or 
subcutaneously. The difference was more marked when the latter route was 
employed. 

2. The difference between the potency of adrenaline given subcutaneously 
and intravenously was greater than the comparable difference with nor- 
adrenaline. | 

3. BAL in a dosage of 25 mg/kg in rabbits causes a transient hyper- 
glycaemia. 

4, The hyperglycaemic response to intravenously injected adrenaline or 
noradrenaline is potentiated by prior administration of BAL. 


Thanks are offered to Dr M. L. Tainter and Messrs Bayer Ltd. for gifte of t-noradrenaline and 
to Messrs Boots Ltd. for pure BAL. Dr Lewis-Faning gave generous advice on evaluation of 
results, 
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THE ROLE OF THE ADRENAL MEDULLA IN 
WATER DIURESIS IN RATS 


By D. DEXTER anp H. B. STONER* 
From the Department of Pathology, University of Sheffield 
(Received 30 May 1952) 


Adrenal insufficiency is associated with a delay in the diuretic response to 
water (Robinson, Power & Kepler, 1941; Gaunt, Birnie & Eversole, 1949), 
usually attributed to the absence of the adrenal cortex. Although the adrenal 
medulla is stimulated by water loading (Gaunt, 1944) the adrenaline liberated 
has not been considered to play a part in normal diuresis, since there was no 
delay in the diuretic response of their medullectomized rats (Gaunt, Liling & 
Cordsen, 1945). This has not been the universal experience, and the first sug- 
gestion that the adrenal medulla might be concerned in water diuresis came 
from Stein & Wertheimer (1944), who reported a diminished diuretic response 
to water with increased susceptibility to water intoxication in medullectomized 
rats—defects which could be corrected with adrenaline. Adrenaline is one of 
the few substances, other than the cortical hormones, which will increase the 
diurectic response of adrenalectomized rats (Gaunt et al. 1945; Hays & 
Mathieson, 1945). 

Our interest was aroused, whilst studying the antidiurectic effect of shock- 
inducing procedures, by finding that our medullectomized animals did not 
show a normal diuretic response to water despite the presence of adequate 
amounts of adrenal cortical tissue. | 


METHODS 


Albino rats (150-220 g) from one source were used. To avoid the variations in water metabolism 
associated with the oestrous cycle (Dr H. J. Whiteley, personal communication), males were used 
routinely, but one experiment was carried out with females. They were fed on Edinburgh rat cube 
no. 86 (20% protein) given ad lib. | 

Adrenalectomy was performed under ether anaesthesia through a dorsal approach. The animals 
were given 1% NaCl to drink, and were used 4 or 5 days later. After the experiment they were 
killed and examined for the presence of accessory cortical tissue. When only one adrenal was 
_ removed 1% NaCl was given for 2 days after the operation. Adrenal medullectomy was per- 
formed by the method of Evans (1936) as quoted by Ingle & Griffiths (1942), rats for one experi- 
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ment being operated on at the same time. These rats were given 1% NaCl to drink for the first 
week and not used until more than 32 days after operation. Afterwards the absence of medulla 
was checked histologically, whenever possible. 

Each rat was used for one diuresis experiment only since, after repeated water loading, rats 
become conditioned to water administration (Moller-Christensen, 1950; Dicker & Ginsburg, 1950; 
Adolph & Northrop, 1952), Control and experimental rats were closely matched by weight 
(Gaunt et al, 1945). About 5 p.m. on the day before the experiment the rats were given 5-0 ml. 
water/100 g body wt. at 37° C by stomach tube and allowed free access to water overnight. On 
the day of the experiment, begun between 9.30 and 10.0 a.m., they were given water, at 37° C, by 
stomach tube in standard doses of 5-0 ml./100 g body wt. at hourly intervals, according to the 
degree of water loading required, and kept in individual metabolism cages for the collection of 
urine. Urine volumes were measured at hourly intervals after the first dose of water and recorded 
as ml./100 g body wt. ? 
_ ‘The rate of absorption of the water load in fasting animals was determined by the method of 
_ Heller & Smirk (1932). The insensible water loss was neglected. 

Aortic blood pressure measurements were made under nembutal (sodium ethyl (1-methylbuty]) 
barbiturate) anaesthesia, 5-0 mg/100 g body wt. eecgerag & Jeffers, 1942). Rectal temperatures 
were taken with a thermocouple. 

Adrenal ascorbic acid was determined by Roe & Kuenther’s method (1943). Blood sugar was 
determined, on heparinized blood, by Haslewood & Strookman’s method as described by King 
(1946). 

The work capacity of the gastrocnemius of the medullectomized rat was determined by Ingle’s 
(1944) method as recently modified (Ingle & Nezamis, 1950). 

The histological methods were those previously employed (Stoner & Green, 1950). 

Solutions of L-adrenaline (m.p. 206-210° C with decomposition) and pi-noradrenaline (m.p. 
 189-191° C) were made up in 0-9% NaCl containing 50yg ascorbic acid/ml. (Crawford & | 
Outschoorn, 1951). A few drops of 0-1 n-HCl were added until solution was complete. Doses are 
expressed in terms of the free base. Control animals were injected with the saline-ascorbic acid 
Of n-HCl had been added. Cortisone was given as cortisone 
acetate (Merck), ‘The a rticotrophic hormone (ACTH; Organon) used was contaminated 
with oxytoxin (0-446 u. per 100 units ACTH) and vasopressin (1-3 u. per 100 units ACTH). 

Values are given as means + standard deviation. 

Statistical significance was determined by use of the standard error of the difference of means 
for the large sample, and ‘Student’s’ ‘t’ test, as modified by Fisher (1934) for the comparison of 
means of small samples. 


RESULTS 
The adrenal cortex of the medullectomized rat 


Medullectomy did not interrupt or alter the growth of the rats. After opera- 
tion they gained weight at the same rate as the controls, consuming the same 
amount of food. Their general condition and behaviour was unaffected. As 
a routine, NaCl was added to the drinking water for the first week after the 
operation, but this was probably unnecessary (Dr I. C. Jones, personal com- 
munication) and the rats remained well when this was stopped after 2 days. 
The cortex rapidly regenerated after the operation so that by the 32nd day 
the combined adrenal weight was 12-6 + 2-1 mg/100 g body wt. in a series of 
twelve animals, 78° of the average combined adrenal weight (16-2 + 1-8 mg/ 
100 g body wt.) in controls of similar body weight. After 90 days the combined 
adrenal weight in seven medullectomized rats was 14-8 + 2-8 mg/100 g body wt., 


aq 
| 
‘ 


488 D. DEXTER AND H. B. STONER 


77% of the average combined adrenal weight (19-3 + 1-9 mg/100 g body wt.) 
in controls of similar body weight. 

After 32 days the cortex had regained its normal width and the sudanophilic 
droplets, birefringent crystals formed with digitonin, and ascorbic acid granules 
resembled those of a normal resting gland in distribution and size. The 
adrenal ascorbic acid content in ten medullectomized rats at this time was 
341-9 + 25-4 mg/100 g wet wt.—80% of the average content (420-2 + 41-7 mg/ 
100 g wet wt.) in twelve controls. The intraperitoneal injection of 2 units 
ACTH/100 g body wt. reduced the adrenal ascorbic acid concentration in 
5 medullectomized rats by 30-4% and in 5 controls by 34-0%. 

The functional capacity of the regenerated cortex was tested in several ways. 
Four medullectomized rats, 38 days after operation, were kept with the same 
number of controls for 7 days at 4° C (food and water ad lib.) and remained 
perfectly well. 24 hr after removal from the cold room the combined adrenal 
weights in these two groups were compared with those in controls kept at 
18-20° C. The average combined adrenal weight in the medullectomized rats 
exposed to cold was 24% greater (¢=2-84, P<0-05) than in the medullecto- 
mized controls. In the intact rats exposed to cold it was 18% greater (¢ = 3-36, 
P <0-02) than in the corresponding controls. Both differences were statistically 
significant. The effect of fasting on blood sugar was also examined. During 
a 48 hr fast, begun 36 days after operation, the mean blood sugar in eight 
medullectomized rats fell from 89-6+5-8 mg to 60-3+6-7 mg/100 ml. The 
corresponding values in eight normal rats were 89-8 + 8-5 and 59-1 + 9-5 mg/ 
100 ml., there being no significant difference between the two groups. Alloxan 
diabetes was produced in four medullectomized rats, 37 days after operation, 
by the method of Colowick, Cori & Slein (1947) and they showed an increased 
urinary N output in the same way as did the controls. More striking still, the 
total work capacity of the gastrocnemius of five medullectomized rats, 38-40 


days after operation, was found to equal that of the controls in the Ingle work 
test. 


Water diuresis in the medullectomized rat 

When 669 normal fasting rats were given the standard dose of water 
(5-0 ml./100 g body wt.) and this dose was repeated after an hour, it was found 
that by the end of the next hour they had excreted an average of 6:1 + 1-3 ml. 
urine/100 g body wt. One hundred and twenty four rats, medullectomized 
32-39 days previously, when similarly treated, excreted only an average of 
3-0 + 2-6 ml. urine/100 g body wt. in this period. Using the method appro- 
priate for the comparison of the difference between the means of two large 
samples, the difference in the behaviour of these two groups was found to be 
statistically highly significant. 

Similarly, the diuresis produced in fed medullectomized rats, 35 days after 
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operation, by 3 hourly doses of water was much slower than in fed normal 
animals (Fig. 1). There was, however, no permanent fluid retention in the medull- 
ectomized rats since the excess fluid was excreted in 12 hr. The curves shown 
in Fig. 1 are typical of many such experiments, and serve to illustrate what 
will subsequently be referred to as the poor diuretic response of the medull- 
ectomized rat to water. 
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hourly intervals. 

Each curve represents the average of six rats; the s.D. is indicated by vertical lines. 


Gaunt et al. (1945) reported no difference in the diuretic response of normal 
and medullectomized rats, 24-77 days after operation, when five doses of water 
were given at hourly intervals. With our animals an experiment using this 
water dosage gave results similar to those shown in Fig. 1. Their rats were 
“mainly females’. To determine whether the difference in these results was due 
to our use of male rats, thirteen female rats were medullectomized and their 
diuretic response to water loading tested 37 days later. A poor response was 
observed as in the experiments on males. 

The majority of the above experiments were performed 36-38 days after 
medullectomy. To ensure that maximal recovery of the cortex had occurred 
some rats were tested 56 and 90 days after operation but no improvement in 
the diuretic response to three doses of water was observed. The medullecto- 
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mized tats which had been kept at 4° C for 7 days were tested 18 hr after 
removal from the cold room. Their diuretic response to three doses of water 
was the same as in medullectomized rats which had been kept at 18-20° C, 
despite their adrenals being within the weight range for normal rats, i.e. they 
had more cortical tissue than the normal controls. In the female rat the adrenal 
is larger than in the male, and this is true of the adrenal which regenerates in the 


Volume (mi./100 g body wt.) 


1 1 | i 

0 60 120 
Time after third dose of water (min) 


sie 2. Water absorption and urine excretion in normal (A) and medullectomized (B) rats; 37 days 
after operation, after three doses of water, each 5-0 ml./100 g body wt., given at hourly 
intervals. The volume of water absorbed but not excreted, has been calculated. @——@®, 
urine volume; @ --—-—- @, unabsorbed water; @ .... @, water absorbed but not excreted. 
Each point represents the mean of four animals. Values of ¢ (obtained by comparison with the 
means of the control animals): 


Time(min) 5 90 120 
-~Unabsorbed water 0-89 197 0-28 0-14 
Water absorbed but  3-95* 5-93" 56 43* 16-8* 7-34* 
not excreted 
| * P<0-0l. 


female after sicibiRaiiiiens. In the female 1 rats referred to above, the average 
combined weight of the regenerated adrenals was 23-9 + 6-85 mg/100 g body 
wt., almost twice the corresponding weight in the medullectomized males. 
Despite this, their performance was no better than that of the males. The 
diuretic response to water in the medullectomized rat cannot be correlated 
with the adrenal weight. 


_ In view of the delayed diuretic response of medullectomized rats signs of 
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water intoxication might be expected. Three 5-0 ml. doses of water per 100 g 
body wt. never produced intoxication in normal rats but definite intoxication, 
with a fall in body temperature (Gaunt, 1944); occurred in eight out - 
124 medullectomized rats given this water load. 

Water loading does not lower the blood pressure of shilbatioobuicae rats. 
Thus, the mean blood pressure of nine medullectomized rats 1 hr after the 


Urine volume (ml./100 g body wr.) 


Time after first dose of water (hr) 

‘Fig 3. Effect of cortisone (5-0 mg/100 g, intraperitoneally ; O --- O), L-adrenaline (30 ug/100 g, 
subcutaneously; @..... @), and pL-noradrenaline (60 »g/100 g, subcutaneously; O——O) 
on diuresis produced by three doses of water, each 5-0 ml./100 g body wt., given at hourly 
intervals in adrenalectomized rats 4 days after operation. @-——@, control adrenalecto- 
mized rats. Each point represents the average of six animals. Values of ¢ (obtained by 
comparison with the means of the control animals): 


1 hr 2 hr 3hr | 4hr 5 hr 6 hr 
Cortisone 0-162 1-49 5-15** 9-23** 7-10** 7-37** 
L-Adrenaline 0-083 1-40 2-53* 3:35**  4-70** 5-71** 
pu-Noradrenaline 5-56** 9-07** 5-34** 5-61** 5-85** 6-56** 
* P<0-05. ** P<0-01. 


third dose of water was 99+7 mm Hg, while that of ten untreated medull- 
ectomized animals was 97+7 mm Hg. This was not unexpected since Gaunt 
(1944) has shown that water loading does not depress blood pressure in either 
normal or adrenalectomized animals. 

Water absorption in medullectomized rats was not significantly slower than 
in normal animals (Fig. 2). There was, however, a marked inability to excrete 
the absorbed water. | 
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Water diuresis in the adrenalectomized rat 
Bilaterally adrenalectomized rats, maintained on NaCl, showed a very poor 


diuretic response to three doses of water (Fig. 3). All the six rats used in this 
experiment showed water intoxication, three dying within 12 hr from the start 
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Fig. 4. The diuresis produced in normal (@——@), unilaterally adrenalectomized (@.... @), 
4 days after operation, and medullectomized rats (@ —-— @), 35 days after operation, by 
three doses of water, each 5-0 ml./100 g body wt., given at hourly intervals. Each curve 
represents the average of five rats. 


Tase 1. Blood sugar concentration in normal rats, fasted overnight, 1 hr after two doses of 
water (5-0 ml./100 g body wt.) and 1 hr after three doses of water by stomach tube. Means 


+standard deviation 
Blood sugar 
No. (mg/100 ml.) 
Normal fasting rate 39 66-0+9-7 
1 hr after two doses of water 27 83-2+ 14-4* 
1 hr after three doses of water 8 96-3 + 16-2* 


* ¢, from comparison of means, significant at P <0-01. 


of the experiment. In unilaterally adrenalectomized rats, however, the 
diuresis was not significantly different from that of normal rats (Fig. 4), 
although they had lost half their adrenal tissue 4 days before the test. In the 


interval between operation and test the remaining adrenal increased 5% in 


weight so that at the time of the test they had 45% less adrenal tissue. 
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Effect of water loading on the adrenal gland 
After water loading (three doses) there was a significant rise in blood sugar 
(Table 1) as reported by Gaunt (1944). This was not seen after medullectomy. 
In the normal rat the adrenal ascorbic acid content fell after water loading but 
not after stomach tubing alone (Table 2). In medullectomized rats, 39 days 
| after operation, there was no fall after water loading (Table 2), confirming the 
findings of Nagareda & Gaunt (1951). 


TaBLeE 2. Adrenal ascorbic acid estimations in normal and medullectomized rate, 39 days after 
operation, 1 br after three stomach tubings, and 1 hr after three doses of water (5-0 ml./100 g 
body wt.) by stomach tube. Means +standard deviation. 


Adrenal ascorbic 
Adrenal acid % of 
No. wt./l00gbody wt. (mg/100g wt.) normal 
Normal animals 5 17-5 42°23 407-1+443-9 100 
Normal animals 1 hr after 5 17-0+2-57 412-8+40-5 100 
three stomach tubings | 
Normal animals 1 hr after 5 17-341-53 310-4+432-3* 76-1 
three doses of water by 
stomach tube 
animalse— 4 13-5+1-70 320-2 + 24-6 100 
contro: 
Medullectomized rate 1 hr 4 13-44 1-86 317°74+31-0 99 
tu 


* ¢, from comparison of means, significant at P <0-01. 


Effect of adrenal hormones on water diuresis 
The effect of the adrenal hormones on the response to three doses of water 
| was tested in adrenalectomized, medullectomized and normal rats, the 
hormone under test being given with the first dose of water. 
Adrenalectomized rats. Cortisone acetate (5-0 mg/100 g body wt. intra- 
peritoneally) produced the most striking effect and prevented water intoxi- 
cation (Fig. 3). Its effect was manifest 2 hr after injection when the diuresis in 
the treated animals increased to resemble that of normal rats. After pL-nor- 
adrenaline (602/100 g body wt. subcutaneously) there was a marked initial 
increase in the rate of diuresis lasting 3 hr, after which the rate resembled that 
in untreated adrenalectomized rats, although the total volume of urine ex- 
creted was much greater. The incidence of water intoxication was also much 
less (four out of nine). t-Adrenaline (30ug/100 g body wt. subcutaneously) ~ 
had no effect until 2 hr after injection when there was a marked and sustained 
increase in the diuresis, so that the total volume of urine passed was greater 
than in the rats given pL-noradrenaline. Water intoxication occurred in four 
out of nine rats in this group. 
_ Medullectomized rats. In medullectomized rats the three hormones, in the 
same doses, produced qualitatively the same effects as in the adrenalectomized 
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animals, but the magnitude of the changes, although statistically significant 
(Fig. 5), was not so great as before. Cortisone acetate was again the most 


active. 
at 
bad 
8 
0 2 a 5 6 
Time after first dose of water (hr) 
Fig. 5. Effect of cortisone (5-0 mg/100 g, intraperitoneally, O - -— QO), L-adrenaline (30 yg /100 g, 
subcutaneously @..... @), and pL-noradrenaline (60 ug/100 g subcutaneously, O——O) 


on diuresis produced by three doses of water, each 5-0 ml./100 g body wt., given at hourly 
intervals in medullectomized rats, 33 days after operation. @——@, control medull- 


ectomized animals. Each point represents the average of six animals, Values of ¢ (obtained 


by comparison with the mean of the control animals): 


lhr 2 hr 

Cortisone 0-297 0-343 

L-Adrenaline 0-382 0-359 

pu-Noradrenaline 1-55 3-06* 
* P<0-06, 


3 hr 4 br 5 hr 6 hr 
3-08* 413** 421%* 4-33%* 
1-02 2-41*. 1-86 2-41* 
Si7** 302° 1-92 1-27 
* P<0-01. 


Normal rats. Similar effects were seen when these hormones were given in 
the same dosage to normal rats but since the diuretic response to the water 
load was already nearly maximal, they were much less striking (Fig. 6). 
Statistically significant changes were, however, produced as shown in the 


legend to Fig. 6. 


DISCUSSION | 
Gaunt et al. (1945) and Hays & Mathieson (1945) described a normal diuretic 
response to water in medullectomized rats. In our experience medullectomized 
rats show a poor diuretic response to water loading, with an increased in- 


cidence of water intoxication as reported by Stein & Wertheimer (1944). Water 
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loads which were rapidly excreted by normal rats were only slowly dealt with 
after medullectomy. This was not due to slower absorption of water from the 
gut, nor was there any evidence that it was related to any gross cardiovascular 
disturbance in the medullectomized rat. (Preliminary experiments suggest that 
the glomerular filtration rate in medullectomized rats is within the normal 
range.) The possibility that it is due to a hormonal deficiency must be studied. 


Urine volume (mi./100g body wt.) 


5 6 


2 
Time after first dose of water (hr) 


3 4 


Fig. 6. Effect of cortisone (5-0 mg/100 g, intraperitoneally, @- --@), L-adrenaline (30 ng/100 g 
subcutaneously @.... @), and pi-noradrenaline (60 ug/100 g subcutaneously, O——O) 


on diuresis produced by 


three doses of water, each 5-0 ml./100 g given at hourly intervals, 


in normal rate. @———@, control normal animals. Each point represents the mean of six 
animals, Values of ¢ (obtained by comparison with the means of the control animals): 


l br 2 hr 3 hr 4hr 5 hr 6 br 
Cortisone 0-124 0-363 404** 2-73* 1-76 1-56 
t-Adrenaline 0-897 0-787 2-71* 2-65* 1-69 0-812 
DL-Noradrenaline 444**  391** 2-64* 0-214 0-861 0-923 
*P<005. ** P<0-01. 


In its diuretic response to water the medullectomized rat occupies an inter- 
mediate position between the normal and completely adrenalectomized rat. 
The importance of the cortical steroids in water diuresis is shown by the 
restoration of normal diuresis in medullectomized and adrenalectomized rats 
by giving cortisone. Since this cannot be achieved by either medullary 
hormone the possibility that the difference between our findings and those of 


Gaunt et al. and Hays & Mathieson was due to adrenal cortical deficiency must 


be seriously considered. 
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Theoretically a medullectomized rat should only show signs of cortical 
deficiency when it meets a situation where the release of ACTH is normally 
dependent upon the preliminary secretion of adrenaline. At other times 
adrenal cortical function should be normal. Our medullectomized rats appear 
to have fulfilled this requirement. Like Greep & Deane (1949) and Gordon 
(1950) we found that anatomical regeneration was complete when we began 
our diuresis experiments 32 days after operation. At this time the regenerated 
gland was histologically normal and its weight per unit body weight was 
maximal. Since the gland was capable of hypertrophy on exposure to a noxious 
stimulus such as cold, its size at this time was presumably adequate for bodily 
needs; otherwise further growth would have occurred. Accurate measurement 
is difficult, but the mass of cortical tissue in the fully regenerated gland would 
seem about the same as in a normal adrenal. The replacement of the medulla 


by scar tissue must be taken into account when assessing the ascorbic acid — 


content of the regenerated gland which was somewhat lower than in normal 
glands. Our values were of the same order as Gordon’s (1950) and higher than 
those found by Nagareda & Gaunt (1951). This may indicate that the medull- 
ectomized glands were in a slightly more active state than the controls. 
Whilst the size of the regenerated gland is of some significance, its functional 
capacity is of much greater importance. The cortical tissue appeared capable 
of normal function, within the limits imposed by the absence of the medulla, 
as judged by its response to ACTH, cold, fasting and alloxan and by the un- 
interrupted growth of the rats. Although these tests are severe, a normal 
response might be obtained with somewhat less than the full amount of cortical 
tissue. Schultzer (1935) recorded normal growth after removal of one adrenal, 
and Evans (1936) produced phlorrizin diabetes in medullectomized rats 
10 days after operation and found the same D/N ratio in the urine as in the 
phlorrizin-treated controls. However, the total work capacity of the gastro- 
cnemius in the medullectomized rats was the same as in the controls. This test 
provides the best indication of the normal functional capacity of the re- 
generated adrenals since Ingle (Ingle, Hales & Haslerud, 1935; Ingle & Lukens, 


1941; Ingle & Nezamis, 1950) has shown that whilst normal work capacity does 


not require the presence of the adrenal medulla, it is dependent upon the 
presence of a large amount of adrenal cortex. 

Although our medullectomized rats had no apparent cortical deficiency, an 
element of doubt is inherent in this type of experiment. This doubt is largely 
removed by the results obtained in female medullectomized rats, medull- 
ectomized rats with hypertrophied adrenals and medullectomized rats left for 
long periods after operation, which showed that the poor diuretic response to 
water 1s a permanent feature of the medullectomized rat and is independent 
of the amount of cortical tissue present. This view is supported by the normal 
behaviour of the unilaterally adrenalectomized rat. The difference between 
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our results and those of Gaunt et al. (1945) and Hays & Mathieson (1945) can- 
not be explained on the grounds that our animals had adrenal cortical 
deficiency and we are unable to account for the difference. Our results em- 
phasize the importance of the adrenal medulla in water diuresis without 

revealing the mechanism involved. : 

The adrenal medulla might be concerned in water diuresis in two ways. 
Water loading is normally followed by increased medullary and cortical 
secretion, neither of which occur after medullectomy as shown by Gaunt (1944) 
and by Nagareda & Gaunt (1951) and confirmed by us. They have suggested 
that increased cortical secretion is essential for dealing with water loads of the 
size used in these experiments. In this instance cortical secretion seems to be 
adrenaline mediated so that the medullectomized rat under these conditions 
will be unable to induce cortical secretion and so will show a poor diuretic 
response to water loading. 

The effect of adrenaline in normal and medullectomized rats, with its 
characteristic lag phase, could be well explained on the basis of increased 
cortical secretion. Only part of the effect can, however, be explained in this 
way. Although the adrenaline-treated medullectomized rat behaves more 
normally than the similarly treated adrenalectomized animal, the marked and 
essentially similar effect in the latter shows that a further mechanism is con- 
cerned. The size of the dose and 2 hr time lag suggest that the mechanism is 
again an indirect one. 

It is difficult to assess the physiological importance of the results obtained 
with noradrenaline since very little has been found in the rat adrenal (Burn, 
Hutcheon & Parker, 1950; Crawford & Outschoorn, 1951). The immediate 
increase in diuresis after noradrenaline, confirming the work of Harris, 
Eversole & Rock (1950), suggests that its effect may be a direct one on the 
kidney. We cannot agree with Eversole (1951) that the diuretic effect of 
adrenaline solutions is due to their noradrenaline content since the two com- 
pounds are both active and behave differently. The difference between our 
results may be due to the shorter experimental period used by Eversole. 

The results with the medullary hormones show that the adrenal medulla 
may play a part in water diuresis distinct from that whereby it leads to the 
release of cortical hormone. It is impossible to state which of these two 
alternatives is the more important. Our results simply show that, in the rat, 
the adrenal medulla plays a more important part in water diuresis than that 
usually assigned to it. Whether this applies to other species and whether our 
results have any bearing on the water-excretion tests currently employed in the 
diagnosis of Addison’s disease must await further research. 
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SUMMARY 


1. Medullectomized rats excrete excess water at a seth rate than do 
normal rats. 

2. Water loading in the intact rat is associated with hyperglycaemia and 
adrenal ascorbic acid depletion. These changes, which are not seen in the 
mneciaectomnised £ rat, are considered to indicate adrenal medullary and cortical 
secretion. 

3. Cortisone, t-adrenaline and pi-noradrenaline increase water diuresis in 
normal, medullectomized and adrenalectomized rats. 

4. The role of the medulla in water diuresis is discussed and it is concluded 
that the adrenal medulla plays an essential part in water diuresis in rats. 


The expenses of this work were met by a grant from the Medical Research Council; one of the 
authors (D.D.) holds a Medical Research Council Studentship. Our thanks are due to Prof. H. N. 
Green, Dr I. Chester Jones and Miss C, Roseman for their advice. We also wish to thank Mr W. A. 
Broom of Boots Pure Drug Co. Ltd for supplies of t-adrenaline and pi-noradrenaline, Dr W. J. 
Tindall of Organon Laboratories Ltd for supplies of ACTH and the assay of its contaminants and 
supplies of cortisone acetate. 
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VISUAL REACTION TIME AND THE a2-RHYTHM, AN 
INVESTIGATION OF A SCANNING HYPOTHESIS 


By E. G. WALSH | 
From the Departments of Physiology and Surgical Neurology, Edinburgh 
(Received 30 May 1952) 
The visual reaction time varies considerably from trial to trial (Woodworth, 
1938) and the factors causing these fluctuations are not definitely known. The 
purpose of this investigation was to discover whether these variations could 
be related to the amplitude or to the phase of the «-rhythm at the time of the 
stimulus. Some such relationship appeared possible in view of the origin of 
the a-rhythm from parts of the cerebral cortex principally concerned with 
vision (Adrian & Yamagiwa, 1935). Certain observations have also been made 
on the association of blocking of the a-rhythm with the motor reaction, 
a problem which has interested a number of investigators but on which there 


has been no general agreement (Table 1). The visual threshold, too, shows 
considerable spontaneous fluctuations (Hecht, Schlaer & Pirenne, 1942), and 


TaBLe 1. Literature dealing with visual reaction time and latency of 


blocking of the a-rhythm | 
Percentage 
trials in 
which 

Year Authors Stimulus Plossl reaction 

1936 Durup & Fessard — lamp with Key 100 (?) 

utter 
1936 ey & Neon lamp Key 100 
1937 —e & Neon lamp E.m.g 66 
1937 Jasper & Cruikshank fos 2 lamp with Key. 100 
ter 
1939 Knott Unspecified 90 
1940 Bernhard — lamp with Key and e.m.g. 100 
u 
1949 Monnier* Electronic stroboscope E.m.g. 0 
1952 Stamm Unspecified ae 57-95 
* Published in note form only. E.m.g. =elect h 


* 


the opportunity has been taken of observing whether these fluctuations may 
be related to the state of the «-rhythm at the moment of stimulation. 
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During récent years a number of authors have suggested that the visual — 
system operates in a manner similar to that of a television camera. The 
results of the experiments described in this paper have some bearing on this 
possibility, and one of these scanning hypotheses (Walter, 1950) is considered 
in the discussion. This scanning hypothesis is said to be supported by the 
observation that a sense of movement may be induced by a flickering light; 
accordingly this point, also, has been investigated. Other scanning hypotheses 
have been scrutinized by Lashley (1951) and Barlow (1952). 


METHODS 


Many of the experiments were performed on one subject who has a particularly prominent 
a-rhythm ; six other subjects were also used. The experimental room was darkened, just sufficient: 
light being allowed to enable the experimenter to control the apparatus. The subject lay with his 
head in a black box; his eyes were thus screened from all extraneous light. Inside the box, at — 
a distance of 35 cm from the subject a small red light was provided and this served as a fixation 
point. The stimuli were provided by a miniature neon bulb and were either 14° to the right or 
14° to the left of the fixation point. The flashes were caused by the discharge of a condenser and 
were shorter than 5 msec in total duration. Precautions were taken to prevent noise from the 
operation of the switch which controlled the flashes from reaching the subject. The stimuli were 
delivered at random intervals without preparatory signals. In most of the experiments the neon 
bulb was covered by a red filter (Perspex 400 or Ilford 206) to restrict the stimuli to the cones. 
In other experiments the bulb was covered by filters (Perspex green 600 and Perspex blue 700) 
which transmitted only the green lines of the neon discharge; this stimulus was relatively weak 
and stimulated only the rods, for it appeared colourless and was not seen if viewed directly. The 
subject was dark adapted before the experiment started; a period of 10 min was allowed when 
the photopic imuine was employed, and a period of 20 min for the scotopic experiments. 

The el graph was a standard commercial ink-writing instrument, and one of the 
channels was connected to a photocell placed close to the neon bulb. The subject reacted to the 
flashes by pressing @ morte key, the front contacts of which were connected to s marker pen. 


The elect gram was recorded from right fronto-occipital leads when the neon bulb 


was to the left of the fixation point and from left fronto-occipital leads when the neon bulb was 
to the right. In many of the experiments one of the channels was connected to an amplifier 
tuned to the frequency of the «-rhythm. The purpose of this amplifier was to eliminate components 
of the electro-encephalogram differing widely from the a-rhythm in frequency. The selectivity of 
the amplifier was low to enable the «-rhythm itself to be recorded with minimal alteration. When 
the amplifier was set to respond maximally to 10 c/s the response at 9 c/s was reduced by 30%; 
the value for ‘Q’ was 5. The tuned amplifier used two stages of push-pull pentode amplification ; 
two indentical parallel-T networks connected the plates of the second stage to the opposite grids 
of the first stage. Unwanted phase shifts were eliminated by coupling the stages with neon bulbs 
instead of condensers, and by using direct coupling in the feedback loops. 


RESULTS 


It had been feared that’ visual experiments of this nature might block the 
a-rhythm and render the investigation impracticable. This fear proved to be 
groundless except in the case of one subject (R. W.) who showed a good 
a-rhythm under normal recording conditions but none under the conditions 


of the experiment on reaction times. It is usually believed that the — 
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ceases shortly after a visual stimulus, and according to Bernhard* (1940) the 
latency of this blocking is remarkably constant. It was therefore rather 
surprising to find that the behaviour of the -rhythm in these experiments 
showed great diversity. Following the flash the amplitude of the a-rhythm 
diminished in some of the trials but it did not do this after any fixed interval. 
Sometimes the a-rhythm continued unchanged, or more rarely, increased 


Fig. 1. Four trials in which the a-rhythm was not reduced after the flash. Upper tracing, 
e.e.g. from left fronto-occipital leads; middle line, stimulus signal; lower line, response. 
Calibration 50uV and 1/10 sec. Subject J. W. 


(Fig. 1). Thus whilst there may have been some reduction of the amplitude on 
a statistical basis the fluctuations following any given flash did not differ 
dramatically from the spontaneous changes. | 

The distribution of reaction times showed positive skewness, the mean 
being greater than the median both when the «-rhythm was present and when 
it was absent. The skewness was found in one subject (Dr C.) who failed to 
show an «-rhythm at all times, as well as in the subject (R.W.) in whom the 
a-rhythm was blocked by the experimental arrangements. The distribution 
was similar when the response was recorded by electromyography (Fig. 2). 
The fluctuations did not represent slow trends during the course of an ex- 
periment; large fluctuations in reaction time occurred between successive trials. 

In five experiments using an untuned amplifier the reaction times when the 
a-rhythm was present were compared with the reaction times when the 
a-rhythm could not be identified (Table 2). In this comparison and in other 


* Bernhard investigated the blocking time statistically. A consideration of his first table of 
data shows that the standard deviations have been miscalculated and are four times too small. 
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statistical treatments the logarithms of the reaction times were used. No 
significant difference was seen in four of the experiments, but in the fifth 
the difference of the means equalled three times the standard error of the 
difference. When the tuned amplifier was used it was always possible to detect 
some activity at approximately 10 c/s'even when the a-rhythm could not be 


40 
A & -rhythm present 
0 [ | 
B a-rhythm absent 
i 
F 
n 
0-2 0-3 0-4 05 
Sec 
Distribution expected 


on scanning hypothesis 


Variable delay 
introduced by 
scanning 
mechanism 
K— 
Reaction time 


Fig. 2. Distribution of reaction times. A and B—measurements by electromyography of reaction 
times of subject L.G. C illustrates rectangular distribution expected on scanning hypothesis. 


found in the record from the untuned amplifier. In eight experiments the 
amplitude of the «-rhythm recorded by the tuned amplifier was measured at 
the moment of stimulation and related to the reaction time. The results 
(Table 3) showed that in seven of the experiments the distribution of the 
amplitudes, also, followed a skew curve the mean amplitude being greater 
than the median. That the amplitude of the «-rhythm is commonly distributed 
in this skew manner has been pointed out by Motokawa & Mita (1942). 
Accordingly, in calculating the correlation coefficient between amplitude and 
reaction time the logarithms of both variables were used. In the one experi- 
ment in which the mean amplitude was not greater than the median the 
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correlation coefficient was calculated between the arithmetic values of 
amplitude and the logarithms of the reaction time measurements. All of the 
correlation coefficients were small en 3) and did not differ significantly 


from zero. 
TABLE 2. Reaction times in the presence and absence of «-rhythm in the untuned electro phalogr 
Reaction time 
No. of Arith- 
obser- metical : Log mean Difference Standard 
Eye(s) Position vations mean Median i8.D.about of log error of 
Subject of flash - a-thythm (msec) (msec) mean means difference 
Left visual ‘Present 106 244 222 2384008 
L.G Left —0-01 0-009 
P.R. Left Left visual Present ™% 367 331 2-56 +0-08 
Absent 15 362 347 2564007 0 0-021 
Dr P Central Present 54 355 322 25440-10 
as fixation light Absent 237 337 307 2624010f +902 0015 
.W. Left t visual Present 59 460 420 26240-11 
J Righ 2-63 4.0-12 —0-01 0-020 
J.W. Left t visual Present 1146 4-18’ 
Absent 80 415 389 2612010f +906 0020 
R.W Right Left visual Absent 156 360 320 2-5040-12 
Dr Cc, Left visual Absent 2200 #310 200 24640009 
Red flashes were used as stimuli. 


The right hand was used to press the key by the subjects except for R. W. who used the left. 
The electromyogram of the right thenar eminence was used as a signal in the experiments on L.G. and Dr C. 


TABLE 3. Amplitude and reaction time 


Amplitude Reaction time 
- A — A Corre- Standard 
Log mean Log mean lation error of 
Median Mean +8.D. about Median Mean about : 
Subject Stimulus vations mean (msec) (msec) mean cient cient 
F.C. Red 141 219 26-8 1374031 482 827 2714008 

F.C. Red 58 40-0 53-7 1664030 500 510 2724007 - 0-13 
F.C. Red Lett 1038. 40-6 1544026 584 592 2771008 -003 0-10 
J.W. Red Left 8&8 40 35-2 + 16-7 — 390 406 2624013 +001 0-11 
J.W. Green Both 86 715 16-5 1734040 505 537 2724010 +022 O-ll 
J.W. Green’ Both 13 88-5 1854031 487 497 2684013 +015 0-27 
J.W. Green Both 98 1645 18-8 1194031 596 645 2804011 +015 0-10 
J.W. Green Both 27 145 16:3 1134053 7038 135 86+ +026 0-18 


The neon bulb was 14° to the right of the fixation point. The e.e.g. was recorded by means of the tuned amplifier (left 
fronto-occipital connexions) and the subject pressed the key with the right hand. 


The records were also used for the investigation concerned with phase 
(Table 4). In five experiments with the untuned amplifier the phase of the 
a-rhythm at the moment of stimulation was estimated to the nearest 90°. 
The reaction times were compared by the statistical technique known as the 
analysis of variance. The values of the variance ratio which were obtained 
were not significant; the results might readily have arisen by chance. In eight 
experiments using the tuned amplifier the phase at the moment of stimulation 
was estimated by measuring the interval between 0° and the stimulus signal. 
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No allowance was made for fluctuations in the duration of individual cycles. 
The values for the variance ratio again were small and might have arisen by 
chance. | | , 


TaBLE 4, Reaction time and phase of «-rhythm at the time of the flash, (The variance ratio (F) 
refers to the ‘between phase’/‘within phase’ variances of the logarithms of the reaction 
time, The first five experiments refer to data from the untuned amplifier, the last eight to 


data from the tuned amplifier.) ; 
3 No.of No.of Degrees of freedom Variance 
dard Eye(s) obser- categories —————~* ratio 
ees Subject Stimulus used vations of phase 1 2 (F) 
L.G. Red Left 107 4 103 3 13 
9 P.R. Red Left 76 4 76 3 0-9 
Dr P. Red cen- Both. 54 4 3 1-2 
21 tral, no 
? fixation 
5 point ; 
J.W. ‘Red . Left 112 4 108 3 06 
0 J.W. Red Left ; 59 55 3 0-8 
F.C, Red Left 47 18 29 17 1-2 
F.C, Red Left 70. 50 19 0-9 
F.C. Red Left 81 19 62 18 13 
J.W. Red Left 87 8 79 7 0-1 
J.W. Green Both 72 16 56 15 1-0 
J.W. Green Both 15 10 5 9 0-4 
J.W. Green Both 26 14 12 13 10 
J.W. Green ' Both 79 15 65 14 0 
TaBLE 5. x* test applied to visual threshold data 
Effect of Amplitude Effect of phase 
No. of 
lard Flashes Flashes 
of : Eye(s) No.of seen ) of No. of seen — 
fi- Subject Stimulus flashes (%) ampli dom (%) ofphase x* dom 
iW. Green Both 10 10 8s 9 28 8 105 
8 IW Green Both 125 785 12 2-1 ll 115 18-4 8 3-5 
3 I.W Red Left 124 25:8 14 9-1 13 115 25-2 ll 
0 J.W Red Both 222 42:8 ll 6-3 10 190 37-9 15 59 
1 J.W Red Both 246 29 5 28 223 278 18 13-6 
1 R.D Red Both 159 578 15 113 14 92 66:2 17 8-4 
7 PLR Red Left 102 81:5 Pres. or 1-7 1 87 86-2 4 0-8 
abs, (2) 
left The tuned amplifier was used in all of these experiments except the last. 


In the experiments on visual threshold the strength of the flashes was 
reduced to a value at which a substantial percentage of the stimuli were missed 
by the subject. Occasional flashes were ineffectual merely because they 
4 occurred at the time of a blink; trials in which the stimulus coincided with 
a blink artifact were disregarded. The x? technique was applied to the results 
to test the hypothesis that the amplitude, and the phase, of the «-rhythm at 
the moment of stimulation had no influence on the probability of a stimulus 
being effective. This hypothesis appeared to be a reasonable explanation of 
the observed facts (Table 5). 
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_ Sensations aroused by flickering light 

_ The source of light was a xenon discharge tube activated by a multivibrator 
of variable frequency. The flashes were intense, of very brief duration and 
slightly blue; they illuminated an opal screen. The observer faced the other 
side of the screen and kept his eyes open. Fifteen subjects were used and 
a wide variety of descriptions were obtained. Most of the observers noticed 
a central spot, darker or lighter than the rest of the field, which moved as the 
point of fixation was altered. Only one observer noticed the Purkinje i images 
of retinal blood vessels. The patterns were usually described as being reminis- 
cent.of geometrical designs. One striking feature of many of the sensations 
was their instability; one pattern would dissolve without warning into another 
in a manner which recalled the phenomena of retinal rivalry. The sensations 
taxed the powers of verbal description of the subjects. 

On the scanning hypothesis the sense of movement should change direction 
when the flicker frequency was varied in the region of 10 c/s depending on 
whether the flickering was faster or slower than the scanning frequency. All 
the observers, on questioning, said that they saw movement; the movement 
was at times seen in every conceivable direction. The direction of movement 
changed spontaneously, reversing and then often going back to the original 
sense. The movement certainly did not depend critically on the frequency; 
on a number of occasions it was found that a change of 1 c/s when the 
frequency was about 10 c/s caused no detectable change in the sensation. 


DISCUSSION 
According to Walter’s (1950) scanning hypothesis the «-rhythm excites 
different regions of the striate area in sequence; on this view the reaction time 
should depend on the phase of the rhythm at the moment of stimulation. In 
the experiments described above no such relationship has been demonstrated. 
This evidence does not disprove the scanning hypothesis for it is possible that 
had the experiments been performed in some other way the results might have 
been quite different. The scanning hypothesis has, however, been regarded 
as a satisfactory explanation of the variability of the reaction time and this 
view would appear to have been premature. Stroud (1949) has pointed out 
that the reaction times to be expected on the scanning hypothesis would. be 
distributed in a rectangular fashion (Fig. 2c). Experimentally the distribu- 
tion was found to be skew and the variability was considerably greater than 
the predicted value of 0-1 sec. These facts find no ready explanation in the 
scanning hypothesis, and suggest rather that the variability is due to a number 
of factors, the effect of any one factor being small. The interpretation of the 


skew curves commonly found in biological measurements has been discussed 
by Gaddum (1945). 
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The scanning hypothesis receives no support from the observations on 
flickering light for thé sensation of movement did not behave in the predicted 
fashion. The origin of the patterns is still not clear (cf. Brown & Gebhard, 
1948). The central spot appeared to be associated with the macula, but the 
majority of the sensations could not be related in this way to peripheral 
structures. It is unlikely that the patterns were due to irregularities in the 
ocular media, for somewhat similar sensations may be induced if the eyes are 
stimulated by interrupted direct current (Ferree, 1906), alternating current 
(Rohracher, 1935), or magnetic fields (Magnusson & Stevens, 1911). It is of 
interest that the magnetic effects were reported with fields which alternated 
at 20-35 c/s but not at other frequencies. These sensations are aroused by 
stimuli to which the subjects are unaccustomed ; it is probable that the pattern 
of impulses received by the brain differs considerably from. the patterns re- 
ceived during normal activity. The brain appears to compare the discharge 
with a number of models (cf. Craik, 1943) derived from past experience; the 
instability of the sensations probably indicates that the fit is not satisfactory. 

According to Walter’s (1950) hypothesis ‘all the information contained in 
a single parameter of sense can be conveyed on a single channel in a code of 
unit pulses’ and ‘the economy effected...can be gauged by the saving in 
a television system’. There is no evidence for this degree of convergence; 
indeed it is known that strychninization of a small region of the striate area 
‘fires’ a large part of area 18 (Bonin, Garol & McCulloch, 1942). This scanning 
hypothesis is an analogy with the television system; the bandwidth used in 
television to transmit a picture of moderately good definition is 2 Mc/s. One 
serious objection to Rutherford’s telephone theory of hearing was that nerve 
fibres were not capable of conducting impulses at the requisite frequency. The 
same objection applies to this scanning hypothesis. 


SUMMARY 


1. The visual reaction time to photopic and scotopic stimuli was measured. 
The fluctuations of reaction time did not appear to depend on the amplitude 
or phase of the a-rhythm at the moment of stimulation. The distribution of 
reaction times was skew, the mean being consistently greater than the median. 
The scatter considerably exceeded 0-1 sec. 

2. Thea-rhythm, in some trials, did not decrease in amplitude after the flash. 

3. The visual threshold, also, did not appear to depend on the amplitude 
or phase of the a-rhythm at the moment of stimulation. 

4. The view that the a-rhythm ‘scans’ the striate area is discussed. The 
evidence that has been examined does not support this possibility. 
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The author is indebted to the W. H. Ross Foundation (Scotland) for a grant to defray the cost 
of apparatus used in this investigation, to Prof. D. Whitteridge and Prof, N. M. Dott for encourage- 
ment. W. 8. Austin Esq. rendered invaluable assistance with the tuned amplifier. The author also 
wishes to thank the subjects for their co-operation. 


Note added in Proof. Since this paper was submitted for publication the author has had the 
opportunity of discussing with Professor A. Fessard the results referred to}in Table 1 (Durup 


& Fessard, 1936). In » substantial proportion of these experiments blocking of the «-rhythm 
did not precede the motor reaction. 
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A COMPARISON OF THE EFFECTS OF PULSATILE AND 
NON-PULSATILE BLOOD FLOW THROUGH THE CAROTID 
SINUS ON THE REFLEXOGENIC ACTIVITY OF THE Sens 

BAROCEPTORS IN THE CAT 


By H. W. EAD, J. H. GREEN ann E. NEIL 
From the Department of Physiology, the Middlesex Hospital Medical 
School, London 


(Received 3 June 1952) 


It is not known whether the reflex inhibition of the vasomotor centre exerted 
by the carotid sinus nerves is solely dependent on the mean systemic blood 
pressure, or whether pulsations about this mean pressure themselves modify 
this afferent inhibition. As the intact circulation is pulsatile it seems important 
to answer this question, and the present experiments were performed with 


this purpose. 

METHODS 
Forty cats were used anaesthetized by intraperitoneal administration of chloralose and urethane 
(50 mg of chloralose + 250 mg of urethane/kg body weight) or of sodium pentobarbitone (60 mg/kg 
body weight). The trachea was cannulated. All animals were given heparin intravenously (5 mg/kg 
body weight). 

Three types of experiment were 

Group I. One common carotid was dissected clear of the surrounding tissues from the level of 
the superior thyroid artery to that of the subclavian artery. The superior thyroid artery and the 
r. musculus dorsalis were tied but not cut; the presence of these arteries served to ‘splint’ the 
peripheral end of the common carotid artery and thus prevented drag on the carotid sinus during 
later manipulations. A specially shaped Y cannula was inserted into the common carotid artery 
and connected to a 20 ml. syringe containing 5 ml. of blood and 10-15 ml. of air, as shown in 
Fig. 1A. The syringe acted as an elasticity chamber; it could be excluded from the cannula 
system by means of a Halstead clip. 

The carotid sinus nerve on the same side was dissected and cut centrally. A peripheral twig 
containing a few or one active baroceptor fibre was placed on saline-wick electrodes. By means 
of @ resistance-capacity coupled amplifier the baroceptor impulse activity was registered on 
a cathode-ray oscillograph. The ipsilateral external carotid artery was cannulated and the 
end-pressure in the artery recorded by means of a condenser ter (devised by H. W. 
Ead) coupled to a second cathode-ray tube. Simultaneous photographic records were taken of 
the electroneurogram, sinus blood pressure and time marker. As the connexion between artery 
and manometer was of lead tubing, care was taken to avoid any stretch of the sinus by the cannula 
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system. Impulse activity in the baroceptor fibre was examined under conditions of pulsatile flow 


(elasticity chamber excluded) and non-pulsatile flow (elasticity chamber included), both types of — 


flow occurring at the same mean blood pressure. By graded haemorrhages, the systemic blood 
pressure was lowered and the above comparison made at various levels of mean blood pressure. 
By altering the volume of air contained in the syringe, the degree of pulsation transmitted via the 
cannula to the carotid sinus could be varied. 

Growp 2. Both common carotid arteries were prepared and cannulated as in group 1. Both 
cervical vagosympathetic trunks were separated from the arteries between the superior thyroid 
and subclavian arteries. The aortic and vagosympathetic nerves were cut if required. In some 
experiments the carotid sinuses were not dissected; in others both external carotid arteries and 
both ascending pharyngeal arteries were tied, in order to exclude the entire contribution of the 
carotid arteries to the cerebral circulation. In all cases the carotid sinus nerves were kept intact. 
The systemic blood pressure was recorded from the femoral artery by means of a mercury mano- 
meter system arranged to write on a smoked drum, The reflex response of the systemic blood 
pressure was examined when the pulsatile flow through both sinuses was converted to a steady 
flow. 

Group 3. One carotid sinus was isolated and perfused by means of a Dale-Schuster pump with 
oxygenated Ringer-Locke’s solution at 38°C. The carotid sinus nerve was kept intact. An 
elasticity chamber was attached to the stem of a T-tube connected to the inlet cannula in the 
common carotid artery (Fig. 3A). By switching the elasticity chamber into the perfusion system, 
the pulsatile flow provided by the pumps could be converted at will into a steady flow at the same 
mean pressure. Sinus perfusion pressure (transmitted via a cannula in the external carotid artery) 
and systemic blood pressure from the femoral artery were graphically recorded via mercury 
manometer systems on a smoked drum. A comparison was made of the reflex effects on the 
systemic blood pressure of pulsatile and non-pulsatile sinus perfusion at the same mean pressure. 


RESULTS 
I. Comparison of baroceptor activity during pulsatile and non-pulsatile 
flow in the carotid sinus : 
Thirty preparations of few or single fibres of the sinus nerve were made and 
the effects of pulsatile and non-pulsatile blood flow on the electroneurogram 
were studied (Fig. 1 B). The sinus blood pressure was recorded simultaneously. 
Different types of response were obtained. The details of the pattern of the 
discharge varied with the height and form of the sinus pressure. In general, 
with pulsatile flow through the sinus the baroceptor discharge was limited 
to the period of systole and early diastole. The frequency and number of the 
impulses set up during this period varied with the height of the blood pressure 
and the value of the pulse pressure. With the non-pulsatile flow the discharge 
was uniform and showed a lower frequency of impulses maintained steadily 
throughout the cardiac cycle. At certain levels of low blood pressure the 


pulsatile flow set up a sparse discharge but the non-pulsatile flow set up no 


discharge at all. These features are illustrated in Fig. 1C—H. 

Fig. 1C shows the effects on the sinus pressure and the electroneurogram of 
transition from a pulsatile to a non-pulsatile flow. Inclusion of the elasticity 
chamber in the cannula system produced a marked reduction in the pulsations 
of the sinus pressure but the mean sinus pressure was maintained. A con- 


FTO a @ 


‘ 
ala 
Jag 
> 
va 
¥ 
a 


PULSATILE FLOW AND CAROTID SINUS 511 


spicuous change in the pattern of the electroneurogram occurred simul- 
taneously. With the pulsatile flow the impulse discharge was restricted to 
groups of action potentials during systole and early diastole; with the non- 
pulsatile flow the discharge lasted throughout the cardiac cycle. The frequency 


62— 


Fig. 1. A: the arrangement of cannula and syringe system in the common carotid artery. HZ = 
elasticity chamber represented by the syringe containing air. The plunger of the syringe is 
heavily greased to make the system leak proof. C.C.=common carotid artery; C.S. = carotid 
sinus; 2.C.=external carotid artery. The inset figure shows the shape of the cannula 
employed. B: the type of experiment described in §1I. C.S.N.=carotid sinus nerve; 
I.C, =internal carotid artery. Recording electrodes connected with cathode-ray oscilloscope 
(C.R.0.). Sinus pressure registered from external carotid artery. Each film strip shows time 
(50 o/s) sinus electroneurogram and sinus pressure, from above downwards. C: effect of 
transition from pulsatile to non-pulsatile sinus blood flow at a mean pressure of 140 mm Hg 
(animal 1). D: transition from non-pulsatile to pulsatile state at mean sinus pressure of 
130 mm Hg (animal 2). E and F: both obtained from another animal (animal 3) and show 
transitions at mean sinus pressures of 150 and 95 mm Hg respectively. G and H: both 
obtained from animal 4 and show transitions at mean sinus pressures of 62 and 45 mm Hg 
respectively. ‘The sinus blood-pressure calibrations in mm Hg for each record are shown on 
the left. | | 
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of the impulse discharge attained with the pulsatile flow during the systolic 
part of the cycle exceeded that obtained with the non-pulsatile flow. This was 
invariably the case with other fibre preparations. : 

The total number of impulses per cardiac cycle occurring during non- 
pulsatile flow through the sinus bore no constant relationship to that during 
pulsatile flow. In Fig. 1 C and D (obtained from two different animals) the nerve 
fibres studied show about the same total number of impulses per cardiac cycle 

during pulsatile or non-pulsatile flow. Different results were obtained, how- 

ever, in another preparation in which the effects of transition on the electro- 
neurogram were examined at two different mean pressures (Fig. 1 E and F). 
Two baroceptor units were discharging, one large and one small. At a mean 
pressure of 150 mm Hg the large baroceptor discharged 3-4 times per cardiac 
cycle during pulsatile flow. Inclusion of the elasticity chamber in the system 
failed to damp out the pulsations entirely, and the noticeable but reduced 
pulsations which resulted were each associated with two discharges from the 
baroceptor, grouped in the systolic part of the cycle. At a mean pressure of 
95 mm Hg this baroceptor fired twice under pulsatile conditions and ceased 
to fire at all when the elasticity chamber was included in the system. Thus 
this fibre discharged two impulses per cycle at a mean pressure of 95 mm Hg 
during its exposure to the full pulsations of the carotid flow, and two impulses 
per cycle at a mean pressure of 150 mm Hg when the pulsations were arti- 
ficially reduced. Moreover, the frequency attained by the impulse bursts is 
greater at 95 mm (full pulsation) than that at 150 mm (reduced pulsation). 
The small baroceptor fired steadily at about 14 impulses per cardiac cycle 
irrespective of the pulse pressure at a mean sinus pressure of 150 mm Hg. 
At a mean sinus pressure of 95 mm Hg it discharged in groups of 8 impulses 
limited to systole and early diastole during pulsatile flow, changing to steady 
firing throughout the cycle of 9 impulses per cycle under non-pulsatile 
conditions. 

At mean pressures below 80 mm Hg, transition from pulsatile to steady flow 
caused a great reduction or total disappearance of impulse discharge. Fig. 1G 
and H show this feature at mean sinus pressures of 62 and 45 mm Hg 
respectively. | 


Il. Reflex effects of pulsatile and non-pulsatile carotid sinus flows wpon the 
systemic blood pressure : 

Animals with both cervical vagosympathetic nerves intact. If both vagi and 
aortic nerves were intact, conversion of the pulsatile flow into a steady flow 
in both carotid sinuses produced no demonstrable change in the systemic 
blood pressure. If the aortic nerves were cut, however, leaving the vago- 
sympathetic nerves intact, alteration from pulsatile to non-pulsatile conditions 
in the sinuses caused a reflex rise of systemic blood pressure. In the experiment 


- 
af 
by 
a 
t 
“4 
2 
¥ 
oe 
By 
4 
i¥ 
N 
4 
¥ 
bs, 
\ 


PULSATILE FLOW AND CAROTID SINUS 513 


illustrated by Fig. 2B the rise was about 20 mm Hg. No perceptible change 
of heart rate or respiration occurred. 


Fig. 2. A: scheme of the experiments described in § II. Both common carotid arteries were 


cannulated and the cannulae attached to syringes containing air. When the syringes were 
excluded by clips at the points X and X’ the blood flow through the carotid sinuses was 
pulsatile. Removal of the clips converted the sinus blood flow to a non-pulsatile flow. Both 
sinus nerves were intact and exerted afferent inhibition of vasomotor discharge. Changes 
of peripheral resistance thereby induced caused changes of systemic blood pressure. C.S.= 
carotid sinus; C.8.N.=carotid sinus nerve; V.M.C. = vasomotor centre; B.P. = blood pressure. 
B: cat, 3-6 kg, sodium pentobarbitone anaesthesia. Both aortic nerves cut, vagi intact. 
Common carotid arteries cannulated as shown in A. Records from above downwards: 
respiration, systemic blood pressure, signal marker and time in 10 sec intervals. Note that 
the systemic blood pressure is maintained at a higher level when sinus flow is non-pulsatile 
(as shown by signal marker) than when it is pulsatile (P). Respiration is unaffected. C: cat, 
3:3 kg, chloralose—urethane anaesthesia. Aortic nerves and vagi cut. Arrangements as in 
A. Note that the systemic blood pressure is higher during non-pulsatile sinus flow (shown 
by signal marker) than that during pulsatile flow (P). D: obtained from the same prepara- 
tion, 30 min later. During this period the carotid sinuses were exposed to non-pulsatile flow, 
The high level of systemic pressure was maintained (cf. C), but conversion to pulsatile sinus 
flow (P) lowered the systemic pressure. 


Animals with both cervical vagosympathetic nerves (including aortic nerves) cut. 
In this series, conversion of the pulsatile sinus flow into a non-pulsatile flow 
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caused a pronounced reflex effect on the systemic blood pressure, which rose 
35-40 mm Hg (Fig. 2C). The higher level of systemic blood pressure thus 
produced was well maintained. Thus Fig. 2D was recorded 30 min after Fig. 2C 
was obtained; the sinuses were subjected to conditions of steady flow, through- 
out this period. Conversion to pulsatile flow lowered the systemic blood 
pressure to a level similar to that obtained under similar conditions in Fig. 2C. 

In experiments in which respiration was also recorded slight stimulation of 
breathing was occasionally noted when the pulsatile flow through the sinuses 
was converted into a non-pulsatile flow. Such effects were inconstant, how- 
ever. No changes of heart rate were observed and were not expected as the 
vagal efferent pathway had been cut. | 3 

The reflex effects on systemic blood pressure of altering the pulse pressure 
in the carotid sinuses were equally well marked whether the animal breathed 
air or oxygen. Animals in which both external carotid and ascending 
_ pharyngeal arteries were tied gave responses identical with those obtained 
when these arteries were patent. : 


III. Reflex effects of pulsatile and non-pulsatile perfusion of 
one carotid sinus | 
Fig. 3 shows the results of comparison of the reflex response of systemic 
blood pressure to pulsatile and non-pulsatile sinus perfusion at a series of mean 
perfusion pressures. The results are summarized in Table 1. 


TaBLeE | 
Mean blood § Mean systemic blood 
sinus 
pressure (mm Hg) (mm Hg) 

0 160 160 

15 160 130 

80 160 110 

135 115 88 

240 83 83 


Two main points arise from a consideration of Table 1 and Fig. 3: (1) at any 
given mean sinus perfusion pressure below 240 mm Hg, pulsatile perfusion is 
more effective in causing reflex hypotension than is non-pulsatile perfusion; 
(2) the threshold pressure within the sinus that will cause a reflex hypotension 
is less in the case of pulsatile perfusion than with non-pulsatile perfusion (see 
Fig. 3B-D). 

At high sinus perfusion pressures (about 250 mm Hg) the two types of 
perfusion produced almost identical reflex responses (E, F). 
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Fig. 3. A: scheme of the experiments described in § III. One carotid sinus was isolated and 


perfused by a pump. An elasticity chamber (Z.) was placed on the inlet side of the perfusion 
circuit. Sinus pressure was recorded by a mercury manometer. Changes of sinus pressure 
caused reflex changes of vasomotor discharge and hence systemic blood pressure. C.C., 
E.C. and I.C.=common carotid, external carotid and internal carotid arteries; C.S.N.= 
carotid sinus nerve; V.M.C.=vasomotor centre; P.R.=resistance on pump perfusion 
circuit; B.P.=systemic blood pressure. B-F: cat, 3-4 kg, chloralose—urethane anaesthesia. 
Right carotid sinus isolated and perfused. Left carotid sinus and both aortic nerves cut. 
Records from above downwards: systemic blood pressure, sinus perfusion pressure, signal 
marker, time in 10 sec intervals. Records show comparison of reflex effects of pulsatile and 
non-pulsatile sinus perfusion at mean pressures of 15, 80, 135, 240 and 235 mm Hg. B.P.= 
systemic blood pressure; S.P.=sinus pressure. 


DISCUSSION 


When a pulsatile flow through the innervated sinus regions is converted to 
a steady flow, the systemic blood pressure rises and remains at its higher level. 
This effect can only be shown clearly when the aortic nerves have been cut and 


is most evident when the remainder of the aortic arch afferent nerves have 
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been severed by section of the vagosympathetic trunks. The rise of systemic 

blood pressure which occurs on switching from a pulsatile to a steady flow 

through the sinuses is the reflex response to an alteration in the pattern of the 

_ impulse activity in the sinus baroceptor fibres. It is not due to concomitant 

changes in the cerebral blood flow as it occurs when such alterations have been 

prevented by tying the external carotid and ascending pharyngeal arteries. 

Similarly, the carotid chemoceptors are unlikely to contribute to the rise of 
systemic blood pressure produced by the alteration of conditions of flow in 

the sinus regions, for the effect can be equally well produced in animals 

breathing oxygen, when chemoceptor discharge is minimal. The change of 
systemic blood pressure probably represents an alteration in vasomotor 

discharge and therefore of peripheral resistance, as Kenney, Neil & Schweitzer 

(1951) have shown that sinus reflexes do not modify cardiac output significantly. 

There are good reasons for believing that the difference between the 

reflexogenic activity of the baroceptors in the two conditions of sinus flow is 

even more striking than we have demonstrated. Introduction of the cannula 
into the carotid artery reduces the pulse pressure and smoothes the pulse 

wave-form in the pulsatile state. In addition, it is difficult to eradicate all 

traces of pulsation from the sinus blood pressure record by inclusion of the 

elasticity chamber in the system (e.g. Fig. 1 E). 

Our investigations of baroceptor impulse activity show that the impulse 

frequency occurring during pulsatile flow exceeds that seen during non- 

pulsatile flow, whatever may be the mean blood pressure at which the com- 

parison is made, It appears, therefore, that the vasomotor centre is more 

effectively inhibited by the higher impulse frequency. Our results show that 

at mean pressures of 100-160 mm Hg the total number of impulses per cycle 

is approximately the same in the two conditions. The total number, however, 

is less important than the grouping of the impulses in bursts attaining a high 

_ frequency; and the latter are more capable of affecting the vasomotor centre | 
than a steady discharge of an equal number of impulses at a lower frequency. 
In experiments with a natural circulation through the carotid sinuses, the rise 
of blood pressure which follows on switching from a pulsatile to a non-pulsatile 
flow stimulates the sinus baroceptors and so increases this discharge. In spite 
of this factor a higher level of blood pressure is maintained when the blood 
flow is non-pulsatile. 

Sinus perfusion alone allows a strict comparison of the respective effects of 
pulsatile and steady flow at the same mean pressure, in producing reflex 
inhibition of the vasomotor centre. Experiments of this latter type confirmed 
that pulsatile flow caused a greater reflex inhibition of the vasomotor centre 
than a steady flow at the same mean pressure. Several additional points of 
interest also emerged. 


(a) The reflex inhibition of the vasomotor centre exerted by steady sinus 
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perfusion pressures of about 250 mm Hg is unaffected by introducing pulsa- 
tions into the perfusion system. Thus the high impulse frequency set up by 
non-pulsatile perfusion at such pressures itself produces maximal reflex 
inhibition of the vasomotor centre. 

(6) The ‘threshold of the sinus reflex effect’ (Koch, 1931) is the level of 
sinus blood pressure below which the sinus baroceptor fibres produce no reflex 
effect on systemic blood pressure. Thus Fig. 3 shows that with a non-pulsatile 
flow, raising the sinus pressure from 15 to 80 mm Hg had no effect on systemic 
blood pressure; the ‘threshold’ under these conditions was, therefore, above 
80 mm Hg. Using a pulsatile flow, however, a fall of systemic blood pressure 
was produced even at a mean sinus pressure of 15 mm Hg and a still greater 
fall at a sinus pressure of 80 mm Hg. Hence the ‘threshold of the sinus reflex 
effect’ is much lower when the sinuses are exposed to a pulsatile flow than 
when they are subjected to steady flow. Koch determined the ‘threshold of 
the sinus reflex effect’ by using the Moissejeff (1926) technique of producing 
changes of static pressure in the isolated sinus. He found under these con- 
ditions that a sinus pressure of 60-80 mm Hg was necessary to elicit any 
reflex fall of blood pressure. His conclusions have been widely quoted in the 
literature, and almost equally widely misquoted. Thus many authors have 
referred to Koch’s ‘threshold’ as ‘the threshold of baroceptor discharge’, 
despite the published records of Bronk & Stella (1935) which show that 
_ baroceptors may fire at much lower pressures. However, it appears that 
Koch’s conclusions, which were based on the results of steady sinus perfusion, 
are inapplicable to the conditions seen in the natural intact pulsatile 
circulation. 

(c) Similarly, the ‘Blutdruckcharakteristik’ curves of Koch (1931) cannot 
be considered to express the ‘buffer activity’ of the sinus nerves in the intact 
circulation. Much prominence has been given to these curves in text-books of 
physiology, because they seemed to demonstrate that the sinus baroceptors 
exerted a ‘buffer action’ on the systemic blood pressure which was most 
efficient at or about the normal arterial blood pressure of the animal. These 
curves again are derived from the results of static perfusion pressure of the 
sinus. 

(d) The greatest difference between the reflex effects produced by pulsatile 
and steady perfusion pressures respectively occurs at a mean pressure of 
80 mm Hg. The explanation of this lies in the difference in impulse activity 
in the two conditions at such a mean pressure. It has already been noted that 
switching a mean pressure of 80 mm Hg from pulsatile to steady flow led to 
a marked reduction or complete disappearance of the baroceptor impulses. 
This effect would, therefore, be marked at a perfusion pressure of 80 mm Hg 
and is probably responsible for the small difference in the reflex response to 
pulsatile and steady — pressures at a mean pressure of 15 mm Hg. At 
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such low pressures the impulse activity even during pulsatile flow must be 
very moderate. | 

Comparison of the reflex effects of sinus perfusion by pulsatile and non- 
pulsatile flows has previously been undertaken by Strauss (1940) and Bérany 
(1942). Strauss found that a rise of mean sinus perfusion pressure caused the 
same absolute fall of systemic blood pressure whether the sinus perfusion was — 
pulsatile or steady. He claimed that the only difference in the reflex response 
to the two types of perfusion lay in the fact that pulsatile perfusion was more 
effective in maintaining the reflex hypotension. We cannot agree with his 
findings. Bérdny reported that a sudden transition from steady sinus perfusion 
to pulsatile perfusion at the same mean sinus pressure caused no difference in 
the reflex response of the arterial blood pressure. The published record is 
unconvincing. 

The present results indicate that the carotid baroceptor areas do not respond 
only to the mean systemic blood pressure. Changes of pulse pressure which do 
not alter the mean blood pressure must generally affect the afferent inhibition 
of the vasomotor centre. It seems very probable that changes of heart rate 
by altering the pulse pressure and the number of pulsations in unit time will 
thereby modify the reflex effects exerted by the carotid area. It may also be 
safely assumed that the aortic baroceptor activity is similarly affected by 
pulsatile changes. 

| SUMMARY 

1. Carotid baroceptor impulse activity has been examined during pulsatile 
and non-pulsatile blood flow at the same mean pressure. During pulsatile 
flow the impulse discharge is grouped, the bursts occurring in systole and early 
diastole of each cardiac cycle. During non-pulsatile flow the impulse discharge 
occurs steadily throughout the cardiac cycle. The impulse frequency attained 
during pulsatile flow exceeds that seen during non-pulsatile flow. 

2. In vagotomized cats conversion of the blood flow through both intact 
carotid sinuses from pulsatile to non-pulsatile causes a rise of systemic blood 
pressure which maintains this higher level as long as non-pulsatile sinus flow 
is continued. It seems that the sinus afferent impulse activity engendered by 
steady flow through the sinus is less effective in causing inhibition of vaso- 
motor discharge than that occurring during pulsatile flow at the same mean 
pressure. 

3. Perfusion of one sinus with pulsatile flow caused greater reflex effects on 
the systemic blood pressure than perfusion with steady flow at the same mean 


perfusion pressure. 


We wish to thank Prof, Samson Wright for helpful advice and criticism. 
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CAROTID CHEMOCEPTOR IMPULSE ACTIVITY DURING 
INHALATION OF CARBON MONOXIDE MIXTURES 


By HELEN N. DUKE, J. H. GREEN anv E. NEIL 


From the Department of Physiology, Royal Free Hospital School of Medicine, 
London and the Department of Physiology, Middlesex Hospital 
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(Received 3 June 1952) 


Spontaneous respiration of small concentrations (e.g. 1-2%) of carbon 
monoxide in air or oxygen causes a progressive formation of carboxyhaemo- 
globin, thereby reducing the blood oxygen content. Providing that the decrease 
in oxygen carrying power of the blood is not too great, spontaneous respiration 
is maintained and consequently the arterial oxygen tension can be but little 
affected. It is of interest, therefore, to examine the impulse activity of the 
chemoceptor nerve fibres in such conditions, where despite a decrease in blood 
oxygen content the arterial oxygen tension does not undergo a significant 
change. 

In addition, we have investigated whether carboxyhaemoglobinaemia 


modifies the chemoceptor response to the lowering of arterial oxygen tension 
produced by the inhalation of 5% O, in N,. 


METHODS 


Seven successful experiments were carried out using cats anaesthetized with chloralose (50 mg/kg) 
and urethane (250 mg/kg body weight) given intraperitoneally. The trachea was cannulated, and 
connected to inspiratory and expiratory water valves. Suitable gas mixtures were administered 
via the inspiratory valve. The carotid artery or the femoral artery which was used for the registra- 
tion of arterial blood pressure was connected to a condenser manometer (devised by H. W. Ead) 
coupled to a cathode-ray oscillograph. 

The carotid sinus nerve was dissected and cut centrally. Most of the baroceptor fibres were 
removed by thinning the nerve, the chemoceptor fibres being preserved. All dissections were 
performed with the aid of a binocular microscope, care being taken to avoid damage to the 
arterial blood supply and venous drainage of the carotid body. The nerve twig was laid on non- 
polarizable electrodes and the impulse activity recorded via a resistance-capacity coupled 
amplifier connected to a second cathode-ray tube. Simultaneous photographic records were taken 
of the systemic arterial blood pressure, the electroneurogram and a time marker. 

The opposite femoral artery was cannulated; samples of blood were removed at intervals and 
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tne 00, ing (1012), A preliminary 
experiment was always carried out in which the chemoceptor response to anoxic anoxia was 
tested by allowing the animal to breathe 5% O, in N,. Unless a vigorous response was obtained 
under these conditions, the preparation was discarded. 

Two series of experiments were performed: (1) after a preliminary period of spontaneous 
respiration of room air, 1 or 2% CO in air was substituted as the inspiratory gas mixture; (2) after 
a preliminary period of spontaneous respiration of oxygen, 1 or 2% CO in oxygen was inhaled. 

After inhalation of the carbon monoxide mixtures the chemoceptor response to a reduction of 
the blood oxygen tension was examined by allowing the animal to breathe 5% O, in N,. In some 
experiments a mixture of 5% O, plus 1-2% CO in N, was used. en 


RESULTS 

I. Chemoceptor response of cats breathing 1 or 2% CO in air : 
The experimental findings were clear-cut. No chemoceptor discharge in 
excess of that occurring during control inhalation of air was seen during 
carbon monoxide inhalation, providing that the percentage saturation of the 
haemoglobin with CO did not exceed 75-80. This degree of CO saturation was — 
not exceeded during periods of 10-15 min inhalation of 2% CO or 20-25 min 
inhalation of 1% CO. 

Fig. 1 shows the records obtained from a typical experiment. It will be 
observed that Fig. 1C obtained after 11 min inhalation of 2% CO (CO satura- 
tion = 73%) shows no evidence of excessive chemoceptor discharge. Fig. 1D 
obtained 4 min after the end of inhalation of the carbon monoxide shows that 
reduction of the arterial oxygen tension induced by the inhalation of 5% O, 
in N, is fully capable of eliciting chemoceptor impulses. Substitution of 100% 
O, as the inspired gas led to a rapid disappearance of the chemoceptor action 
potentials. 

When the period of inhalation of the CO + air mixture was unduly prolonged 
so that more than 80% of the blood haemoglobin was combined with carbon 
monoxide, failure of the vital centres resulted from inadequate supply of 
oxygen. Respiration was depressed and finally ceased; the blood pressure 
and heart rate fell. At this stage the chemoceptor impulse activity became 
marked owing to the fall of arterial oxygen tension and to the reduction of 
blood flow through the carotid body. 


II. Chemoceptor response of animals breathing 1 or 2% CO om oaygen 

The high oxygen tension of such mixtures caused the following modifications 
in the response: | 

(a) It increased the competition of oxygen for haemoglobin and thereby 
slowed the rate of formation of carboxyhaemoglobin. Consequently, the 
period of inhalation required to produce a desired concentration of carboxy- 
haemoglobin was somewhat longer on the CO + O, mixtures than was the case 
with those made with CO + air. | 


: 
4A 


522 HELEN N. DUKE, J. H. GREEN AND E. NEIL 


(b) It increased the amount of dissolved oxygen in the arterial blood. Hence 
the animal was able to maintain spontaneous respiration even when as much 
as 90°, of the blood haemoglobin had been converted to carboxyhaemoglobin. 
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Fig. 1. Cat, 3-1 kg, chloralose-urethane anaesthesia. Spontaneous respiration. Left carotid 
sinus nerve cut centrally; most baroceptor fibres removed by dissection. Right femoral 
artery cannulated for recording blood pressure. Records on each film strip from above down- 
wards. Time (50 o/s), electroneurogram and arterial blood pressure. Blood-pressure calibra- 
tions (mm Hg) are shown on left of each film strip. A: breathing air. B: after 3 min 
breathing 2% CO in air. C: after 11 min breathing 2% CO in air (CO saturation =73%). 
D: after 4 min breathing 5% O,in N,. E: after 1 min breathing 100% 0,. Note the very 
slight chemoceptor activity in C compared with the intense discharge in D. | 


With these reservations the results obtained in the CO +0, series were the 
same as those reported for animals breathing CO+air mixtures. Fig. 2 
illustrates an experiment in which the cat breathed 1% CO in O,. The carotid 
nerve twig consisted of chemoceptor fibres only. After 30 min inhalation of 
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the gas mixture 70% of the blood haemoglobin was converted to carboxy- 
haemoglobin but the impulse activity (Fig. 2D) did not ‘exceed that seen in 
the control period (Fig. 2B). Following Fig. 2D the animal was allowed to 


Fig. 2. Cat, 3-8 kg, chloralose-urethane anaesthesia. Spontaneous respiration. Left carotid 

_ sinus nerve cut centrally; all baroceptor fibres removed by dissection. Right carotid artery 

cannulated for recording blood pressure. Records on each strip from above downwards: 

time (50 c/s), electroneurogram and arterial blood pressure. Blood-pressure calibrations 

(mm Hg) are shown on left ofeach film strip. A: breathing5%O,inN,. B: breathing 100% 

O, (note reduction of chemoceptor activity). C: after 5 min breathing 1% CO in O, (CO 

saturation =25%). D: after 30 min breathing 1% CO in O, (CO saturation=70%). After 

31 min inhalation of 1 % CO in O,, 5% O, in N, was substituted as the inspired gas. E: after 

5 min breathing 5% O, in N, (CO saturation=76%). FF: after 2 min breathing 100% 0,. 
Note the very slight chemoceptor activity in D compared with the intense discharge in E. 


breathe 5% O, in N, for 2 min, and a massive chemoceptor discharge developed 
in response to the reduction in oxygen tension (Fig. 2E), although no change 
in the carboxyhaemoglobin content of the blood had occurred. It will be noted 
that the chemoceptor impulse activity at this stage exceeded that shown in 
Fig. 2A, which was recorded during the inhalation of 5% O, before any 
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carbon monoxide had been inhaled. This discrepancy may probably be ascribed 
to the difference in the carotid body blood flow in the twoconditions. Landgren 
& Neil (1951) have shown that a reduction of the blood flow through the 
chemoceptor tissues produced by a fall of systemic blood pressure leads to an 
increase in the chemoceptor discharge. The mean systemic blood pressure in 
Fig. 2A was 175 mm Hg and the heart rate 175/min; the mean blood pressure 
in Fig. 2E was 80 mm Hg and the heart rate 125/min. It is likely that the 
lower blood pressure in Fig. 2E was responsible for the greater chemoceptor 
activity. Substitution of pure oxygen as the inspiratory gas, by increasing 
the arterial pO, led to a disappearance of chemoceptor impulses; at the same — 
time there was a rapid recovery of the systemic blood pressure (Fig. 2 F). 

The experiments illustrated by Figs. 1 and 2 indicate that animals in which 
70-80% of the blood haemoglobin is combined with carbon monoxide can ~ 
still show a chemoceptor response to a reduction of arterial oxygen tension 
when 5% O, in N, replaces the CO+air or CO+0, mixtures as the inspired 
gas. It is possible, however, that the small carbon monoxide tension of 
7-14 mm Hg in the inspired gas mixtures might depress the response to 
a lowered arterial oxygen tension when such occurs simultaneously with the 
inhalation of carbon monoxide. This suggestion was tested by allowing 
animals to breathe 2% CO in 0, for suitable periods and then substituting 
a mixture of 2% CO+5% O, in N,; an approximately unchanged carbon 
monoxide tension was thus maintained throughout the period of lowered 
oxygen tension. Fig. 3 shows the results of such an experiment. After 20 min 
inhalation of 2% CO in 0,, 82% of the blood haemoglobin had been converted 
to COHb, but the chemoceptor activity had undergone no significant change 
(Fig. 3D). The animal then breathed 2% CO +5% 0, in N, for 3 min; Fig. 3E 
shows the intense chemoceptor discharge which resulted. Obviously the 
chemoceptor response to a lowered oxygen tension had not been depressed by — 
the maintenance of the previous level of blood carbon monoxide tension. 
Substitution of 100% O, as the inspired gas led to a great reduction in 
chemoceptor discharge after 2 min (Fig. 3F). | 


DISCUSSION 


Saturation of 70-80% of the blood haemoglobin with CO produced by spon- 
taneous respiration of 1 or 2% CO mixtures in air or oxygen causes no carotid 
chemoceptor excitation. Thus changes of blood oxygen content of this order 
are themselves incapable of exciting the carotid chemoceptors so long as the 
arterial oxygen tension is approximately maintained. When the arterial oxygen 
tension is deliberately reduced by allowing these animals to breathe 5% O, in 
N,, chemoceptor impulse activity increases markedly, illustrating that even 
severe degrees of carboxyhaemoglobinaemia do not depress the ability of the 
chemoceptors to respond to a fall of oxygen tension. Moreover, the excitation 
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of the chemoceptors by a lowered O, tension occurs whether the blood carbon 


- monoxide tension is maintained or not. 


It is necessary to stress that the absence of chemoceptor discharge when 
these animals breathe 1 or 2% CO in air or oxygen depends on the maintenance 


Fig. 3. Cat, 3-4 kg, chloralose-urethane anaesthesia. Spontaneous respiration. Left carotid 
sinus nerve cut centrally, most baroceptor fibres removed by dissection. Right carotid 
artery cannulated for recording blood pressure. Records on each film strip from above 
downwards as in Fig. 2. A: breathing 5% O,in N,. B: breathing 100% 0, (note reduction 
in chemoceptor activity). C: after 5 min breathing 2% CO in O, (CO saturation =56%). 
Subsequently the amplifier became noisy, and was replaced by another calibrated to give 
the game gain, D; after 20 min breathing 2% CO in O, (CO saturation =82%). 2% CO+ 
5% O, in N, was then substituted as the inspired gas mixture, E: after 5 min breathing 
2% CO+5% O, in N, (CO saturation=90%). F: after 2 min breathing 100% O, (CO 
saturation =90%). Note the very slight chemoceptor activity in D compared with that in E. 


of adequate respiration and hence a normal level of arterial oxygen tension. 
When the reduction of blood oxygen content due to progressive formation of 
carboxyhaemoglobin becomes too severe, the oxygen supply to the respiratory 
centres becomes insufficient, breathing begins to fail, and chemoceptor 
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excitation consequently ensues. Failure of respiration, however, did not occur 
in our experiments so long as 20% of the blood haemoglobin was available in 
animals breathing air, or 10% of the haemoglobin in animals breathing oxygen. 
Clearly, then, chemoceptor discharge does not occur in animals breathing 
small concentrations of carbon monoxide until circulation and respiration fail 
with consequent reduction in blood-oxygen tension. The chemoceptors thus 
provide no effective stimulation of the respiration during carbon monoxide 
inhalation. In anoxic anoxia the chemoceptors respond early and thereby 
stimulate the respiratory centre. In carbon monoxide anoxia the chemoceptors 
are stimulated only when respiration fails. 

Comroe & Schmidt (1938) tested the response of the chemoceptors to blood 
treated with carbon monoxide. In their experiments the carotid body was 
isolated and perfused, and the degree of stimulation of the chemoceptors 
assessed by measurement of the reflex response of the pulmonary ventilation 
volume. The exact composition of the perfusing blood cannot be deduced from 
their protocols; but it appears that when blood partially saturated with CO 
. and at a low O, tension was perfused through the carotid bodies breathing was 
stimulated. When the O, tension of the perfusing blood was raised, without 
significant change in the degree of CO saturation, breathing returned to its 
control level. 

Various authors, e.g. Chiodi, Dill, Consolazio & Horvath (1941) have found 
that inhalation of carbon monoxide mixtures in man and animals does not 
increase the pulmonary ventilation and inferred that chemoceptor stimulation 
did not occur. Our results show that their inference was correct, but it is 
_ perhaps worth stressing that conclusive information about the behaviour of 
the chemoceptors can only be obtained by recording impulse activity in 
chemoceptor fibres. There is every reason to believe that the aortic chemo- 
ceptors similarly respond to changes in blood oxygen tension and not to 
oxygen content. 


SUMMARY 


1. The effect of spontaneous respiration of 1 or 2° CO in air or oxygen on 
carotid chemoceptor impulse activity has been studied in cats under anaes- 
thesia. 7 

2. Reduction of blood oxygen content owing to combination of haemoglobin 
with CO did not cause chemoceptor stimulation as long as spontaneous 
respiration was maintained. 

3. Following inhalation of CO mixtures, reduction of blood oxygen tension 
by inhalation of 5% O, in N, caused marked chemoceptor activity. Severe 
degrees of carboxyhaemoglobinaemia did not therefore depress the response 
of the chemoceptors to a fall of arterial oxygen tension. 
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THE BLOOD SUPPLY OF THE SUPERIOR CERVICAL 
SYMPATHETIC AND THE NODOSE GANGLIA IN CATS, 
| DOGS AND RABBITS 


By D. CHUNGCHAROEN, M. pz BURGH DALY anp 
THE A. SCHWEITZER 


From the Department of Physiology, University College, London . 
(Received 6 June 1952) 


In the course of our studies of the vascular arrangements of the carotid body in 
cats, dogs and rabbits, arteries supplying the carotid body were seen to proceed 
or send branches to the superior cervical and nodose ganglia (Chungcharoen, 
Daly & Schweitzer, 1952). Furthermore, it was observed that the veins from 
these ganglia joined the same channels as those draining the carotid body. 
A survey of the literature revealed that little systematic attention had been 
paid to the vascular arrangements of the superior cervical and nodose ganglia 


in animals, in spite of the considerable popularity which these structures oa 


enjoy for physiological and pharmacological investigations. 

Most of the information which is available has been obtained in human 
studies. Bartholdy (1897) reported that the superior cervical sympathetic 
ganglion in man received its blood supply mainly from branches of the ascending 
pharyngeal artery, but branches from the external carotid and the inferior 
thyroid arteries were also seen to contribute. Anserow (1922) observed in his 
dissections of human material only -branches of the ascending pharyngeal 
artery which supplied the superior cervical ganglion. In addition to vessels 
arising from the ascending pharyngeal artery, Delamare & Tanasesco (1906) 
also found variable branches from the common and internal carotids and the 
superior thyroid artery. Souza (1932), examining gelatine-dye and indian ink 
injected newborn infants, reported that the inferior pharyngeal and superior 
thyroid arteries were constant sources of blood to the superior cervical ganglion, 
while branches of the ascending cervical artery contributed occasionally. 
More recently, Patterson (1950) studied twenty-five newborn infants injected 
with indian ink or carmine-gelatine. The superior cervical ganglion received 
its blood supply most commonly from the ascending pharyngeal and the 
superior and inferior thyroid arteries. A less common source was the occipital 
artery which also sent branches to the vagus. In only one specimen in his 
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series was the internal carotid artery seen to send a vessel to the superior 
cervical ganglion and the vagus. 

The nodose ganglion of man receives branches arising from the posterior 
meningeal, ascending pharyngeal and the external carotid arteries; in one case, _ 
a branch from the internal carotid was. seen to enter the vagus trunk 
(Bartholdy, 1897). 

A curious description of the blood supply of the superior cervical ganglion 
in the cat is given by Kibjakow (1933). The artery arises ‘unmittelbar von der 
Carotis oder von der Schilddriisenarterie auf der Hohe gleich unterhalb der 
Kreuzung von Arteria carotis communis und Nervus hypoglossus.’ ‘Dieses 
fadendiinne Stémmchen (1-2) geht von der hinteren Peripherie der Arteria 
carotis in gleicher Hohe etwa wie die Schilddriisenarterien (2-3 Astchen) ab.’ 
The venous drainage was found to be very variable, but eventually seen to 
enter the internal jugular vein. 

While our studies were in progress, I. de B. Daly & Hebb (1952) reported 
their findings on neoprene-injected dogs. The body and the caudal pole of the 
superior cervical ganglion received its blood supply chiefly from the external 
carotid and the occipital arteries. The supply from the external carotid came 
from a pharyngeal branch or from a branch of the artery going to the retro- 

pharyngeal gland. Three or more fine arteries issuing from the petrobasilar 
fissure entered the cranial pole of the ganglion. 

The vascular relationships between the carotid body and the superior 
cervical sympathetic and nodose ganglia are of fundamental importance for 
studies of carotid body blood flow and for the evaluation of experiments where 
the ganglia are perfused through their vascular channels. It was, therefore, 
decided to investigate the blood supply of these ganglia in various species. 


METHODS 


Cats, dogs and rabbits were used for these experiments. Dogs were anaesthetized with chloralose 
(0-09-0-1 g/kg body weight, intravenously) or sodium pentobarbitone (nembutal) (40 mg/kg 
intraperitoneally) and cats with chloralose (0-08 g/kg intravenously) after ether induction. 
Rabbits received urethane intravenously (1-5 g/kg). 

The arterial systems of the animals were injected with either hycar latex (British Geon, Ltd.) at 
pressures varying from 150 to 220 mm Hg, or with indian ink (‘Kandahar’, George Rowney 
and Co., Ltd.) to which was added thrombin (Sharp & Dohme) (100 units/20 ml. indian ink). 
Details of the techniques used were given in our previous publications (Chungcharoen, Daly, Neil 
& Schweitzer, 1952; Chungcharoen, Daly & Schweitzer, 1952). The specimens were fixed in 10% 
formol-saline for 7 days before dissection. All dissections were done by means of a dissecting 
microscope. 

RESULTS 


Cats 
The superior cervical ganglion of the cat was found in close contact with the 
nodose ganglion. Both ganglia received their blood supply from one or two 
minute branches of the occipital artery (Fig. 1). In two out of eight prepara- 


4 
¥ 
a 
ay 
inl 
4 


530 D. CHUNGCHAROEN AND OTHERS 


tions they were, in addition, supplied by a small twig arising from the carotid 
bifurcation. The occipital branches usually reached the cranial half of the 
superior cervical ganglion while the branch from the carotid bifurcation supplied 
the caudal half. These arteries ramified and entered the substance of the 
ganglia. Occasionally a strong branch of a muscle artery arising from the 
external carotid was observed supplying the ganglia (Fig. 1). In addition, 
there was a branch from the thyroid artery running along the cervical 
vagosympathetic trunk (Fig. 1), and its ascending division in certain cases 
terminated at the caudal pole of the superior cervical ganglion. It was found 
impossible to isolate the blood supply of the superior cervical from that of the 
nodose ganglion. In the cat, therefore, branches of the occipito-ascending 
pharyngeal trunk supply the superior cervical and nodose ganglia and also the 
carotid body (Chungcharoen, Daly & Schweitzer, 1952). 

The venous drainage was common to both the superior cervical and nodose 
ganglia. Small veins accompanying their arteries joined two or three larger 
veins, which drained into the internal jugular vein. In one specimen, the veins 
collecting blood from the cranial portion of the superior cervical and nodose 
ganglia joined the vein draining the carotid body into the transverse posterior 
pharyngeal vein which communicated with the internal jugular vein (Fig. 2). 
Another vein from the carotid body joined directly the internal jugular vein. 
The vein along the vagosympathetic trunk followed a branch of the thyroid 
artery to the thyroid vein which joined the internal jugular vein. In those cases 
where the internal jugular vein was absent, the veins from the two ganglia 
joined the prevertebral and transverse posterior pharyngeal veins which finally 
drained into the external jugular vein. 

The vascular supply of the cervical sympathetic and nodose ganglia in 
three kittens (3 days old) was found to be similar to the arrangements in the 
adult described above. | 


Dogs 

The superior cervical and nodose ganglia of the dog were more or less 
completely fused. In all six specimens dissected, they received their arteries 
from one or two branches of the occipital artery similar to the situation found 
in the cat. In one of them, the two ganglia received in addition another branch — 
from the ascending pharyngeal artery which, in this case, also supplied the 
_ carotid body. Furthermore, it was common to find a few small branches from 
the common carotid and thyroid arteries supplying the ganglia and vago- 
sympathetic trunk (Fig. 3). These branches divided into ascending and 
descending twigs running longitudinally along the vagosympathetic trunk. 
The arteries to the superior cervical and nodose ganglia, besides supplying the 
— body, gave off branches to adjacent structures, e.g. the retro-pharyngeal 
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The venous arrangement in the dog was similar to that in the cat. The veins 
accompanied their corresponding arteries and drained either directly into the 
internal jugular vein or into its branches (Fig. 4). In one specimen, where the 
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Fig. 1. 

Fig. 1. Cat, injected with hycar latex. Diagram showing arteries supplying the medial aspect of 

_ the right superior cervical and nodose ganglia. The arteries originate from a branch of the 
occipital artery and a muscular branch arising from the carotid bifurcation. The vago- 
sympathetic trunk in the neck is supplied by a small branch of the thyroid artery. 

Key to this and subsequent figures: A.P. ascending pharyngeal artery; C.C. common 
carotid artery; Z.C. external carotid artery; Z.J. external jugular vein; J.C. internal carotid 
artery; J.J. internal jugular vein; J. jugular vein; L.V. laryngeal vein; M. muscular branch; 
N. nodose ganglion; O. occipital artery; P.F.V posterior facial vein; P.V. prevertebral vein; 
8. superior cervical ganglion; 7’. thyroid artery; 7'.P.P. transverse posterior pharyngeal vein. 

Fig. 2. Cat, injected with indian ink. Diagram showing veins of the left superior cervical and 
nodose ganglia. Small veins from the two ganglia join a few larger veins which drain into the 
internal jugular vein. Some of the veins join the vein draining the carotid body into the 
transverse posterior pharyngeal vein. The veins of the vagosympathetic trunk join the internal 
jugular and thyroid vein. 


internal jugular was absent, the veins from the superior cervical and nodose 
ganglia joined the prevertebral and jugular veins and thus the external jugular 
vein (Fig. 5). The venous drainage of other structures in the vicinity, including 
that of the carotid body, joined this venous system. 
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Rabbits 
The superior cervical ganglion of the rabbit, unlike that of the cat and dog, 
was not found closely attached to the nodose ganglion. In certain cases, their 
adjacent sides were even separated by the occipital or internal carotid arteries 


Fig. 3. : Fig. 4. 
Fig. 3. Dog, injected with hycar latex. Diagram showing arteries supplying the medial aspect of 
the right superior cervical and nodose ganglia. The arteries arise from a branch of the 


ascending pharyngeal and a branch of the occipital. The vagosympathetic trunk is supplied 
by an artery arising from the common carotid. 


Fig. 4. Dog, injected with indian ink. Lateral view of the left superior cervical and nodose 
ganglia. Both ganglia are supplied by branches of the occipital artery. A branch of the 
thyroid artery supplies the vagosympathetic trunk in the upper half of the neck and its 


ascending division reaches the lower part of the two ganglia. The veins draining the two ganglia 
and the adjacent trunk join the prevertebral and internal jugular veins. 


(Fig. 7). Both the superior cervical and nodose ganglia in four specimens of 
this series were supplied by an artery arising from the carotid bifurcation and 
one or two branches from the occipital artery similar to the arrangement 
observed in the cat. In most cases, the superior cervical ganglion received 
a greater blood supply from the artery arising from the carotid bifurcation, 
which also supplied the carotid body (Fig. 6); the nodose ganglion received its 
supply from the occipital artery which, in one preparation, arose from the 
internal carotid artery (Fig. 7). In addition, the superior cervical and nodose 
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ganglia of one rabbit were also supplied by branches of the ascending pharyn- 
geal artery; the vagosympathetic trunk received branches from the thyroid 
artery. These arteries also sent branches to other structures in the vicinity. 


Fig. 5. Dog, injected with hycar latex. Diagram showing veins draining the medial surface of the 
left superior cervical and nodose ganglia. In this case the internal jugular vein is absent. The 
veins from these two ganglia join branches of the prevertebral vein which finally enter the 
external jugular. 


The veins draining the superior cervical and nodose ganglia of the rabbit 


_ were arranged in a way similar to that found in the cat and dog. Together with 


veins from the neighbouring area, including the carotid body, they joined the 
internal jugular vein (Fig. 7). In cases where the internal jugular was very 
small or absent, these veins joined the prevertebral and then the external 
jugular vein similar to the situation in corresponding cases of dogs and cats. 


DISCUSSION 


There appear to be some important differences in the vascular arrangements 
of the superior cervical and nodose ganglia in man and in animals. In man the 
ascending pharyngeal artery has been described as the main source of supply 
(Bartholdy, 1897; Delamare & Tanasesco, 1906; Patterson, 1950). In the cat, 
dog and rabbit, however, the blood supply of the ganglia was derived mainly 
from the occipital artery. The ascending pharyngeal artery contributed to the 


vascularization of these structures only occasionally in the dog and rabbit. 
34-2 
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It is of interest that the pattern of the contribution of the occipital artery to 
the blood supply of the two ganglia in the cat, dog and rabbit was similar to 
the description of the ramifications of the occipital artery in man (Patterson, 
1950). Furthermore, branches arising from the carotid bifurcation and from 
the common carotid artery distributed themselves to the ganglia of the animals 
as those to the same structures in man (Anserow, 1922; Patterson, 1950). 


Fig. 7. 

Fig. 6. Rabbit, injected with hycar latex. Diagram showing the arteries supplying the medial 
surface of the right superior cervical and nodose ganglia. The superior cervical ganglion is 
supplied mainly by a branch from the carotid bifurcation and a branch of the ascending 
pharyngeal artery. The nodose ganglion is supplied by a branch from the occipital artery and 
a few small branches from the arteries supplying the superior cervical ganglion. The vago- 
sympathetic trunk is supplied by a branch from the thyroid artery. 


Fig. 7. Rabbit, injected with hycar latex. Diagram showing veins of the lateral surface of the 
left superior cervical and nodose ganglia. The two ganglia are separated by the internal 
carotid and occipital arteries, which arise from a common trunk. The veins join the vertebral 
and internal jugular veins. The veins from the carotid body also join the vertebral vein. The 
vagosympathetic trunk is supplied by branches of the thyroid artery and drained by veins 
joining the internal jugular. 7 


The thyroid artery of the cat, dog and rabbit supplied mainly the vago- 
sympathetic trunk, and only in a few cases were minute ramifications of these 
vessels seen to reach the superior cervical and nodose ganglia. This variation 
in the contribution of the thyroid artery to the blood supply of the ganglia in 
man and animals is probably explained by differences in their regional anatomy. 
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In man, the superior thyroid artery is a major branch of the external carotid; — 


in the cat, dog and rabbit, however, it originates from the common carotid, 
well below the carotid bifurcation area. 

It appears that, in the somewhat obscure description given — Kibjakow 
(1933), reference is made mainly to the branches of the thyroid artery supplying 
the vagosympathetic trunk of the cat, rather than to — actual carotid supply 
of the ganglia. 

The venous drainage of the superior cervical and nodose ganglia occurs via 
the internal jugular vein, or, in those cases where the internal jugular vein is 
small or absent, via the posterior pharyngeal and prevertebral into the external 
jugular vein. These observations differ from those of Kibjakow (1933) in the 
cat, in that he described only the internal jugular vein as the drainage of the 
superior cervical system. 

It has been previously described that the carotid body in the cat, dog and 
rabbit receives its blood supply from branches of the ascending pharyngeal and 
occipital arteries and, less constantly, from vessels arising from the bifurcation 
area of the common carotids (Chungcharoen, Daly & Schweitzer, 1952). As the 
vessels supplying the carotid body proceed or send branches to the superior 
cervical and nodose ganglia, a perfusion of the superior cervical ganglion, using 
the technique of Kibjakow (1933) or its later modification (Feldberg & 
Gaddum, 1934), appears to involve inevitably the carotid body. Furthermore, 
as the venous drainage from the carotid body and the ganglia employs the 
same vascular channels, perfusate collected from the internal jugular or the 
prevertebral veins is likely to be a mixture of fluid which has passed through 
the carotid body, the superior cervical sympathetic and the nodose ganglia. 


SUMMARY 


1, The superior cervical and nodose ganglia of cats, dogs and rabbits are 
supplied mainly by one or two branches of the occipital artery; in additio 
there may be branches from the ascending pharyngeal, carotid bifurcation and 
common carotid arteries. The thyroid artery supplies mainly the vago- 
sympathetic trunk. 

2. The venous blood is drained into the internal jugular, or into the external 
jugular vein, when the internal jugular is absent. 

3. The blood supplies of the carotid body and superior cervical and nodose 
ganglia are derived from the same arterial sources; the veins of these structures 
drain into common channels. 


Two of us (M. de B. D. and A. 8.) wish to express their thanks to the Medical Research Council 
for a grant defraying part of the expenses of this work. 
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THE EFFECT OF VOLUNTARY OVERBREATHING ON 
THE BLOOD FLOW THROUGH THE HUMAN FOREARM 


By R. 8. J. CLARKE 
From the Department of Physiology, The Queen’s University, Belfast | 
| (Received 20 June 1952) i 


In the course of other experiments it was observed that the blood flow through | 
the forearm was increased during voluntary overbreathing and afterwards fell q 
below the resting value. A similar finding has been described by Abramson & q 
Ferris (1940). The present experiments were designed to investigate the size 
| | and regularity of these changes and to throw some light on their mechanism. 

me of these experiments have been already described (Clarke, 1951). 


METHODS 


Observations were made on healthy adults aged 18-34 yr in a room at 22-24° C. Each subject 
rested for 30 min, during the last 15 min of which the right arm was immersed in a water-bath at 
36° C. The forearm was then inserted into a plethysmograph and its blood flow measured by 
venous occlusion. The technique was similar to that described by Barcroft & Edholm (1943) 
: except that a through-and-through rubber cuff (Grant & Pearson, 1938) was employed and the 
| circulation to the hand was arrested by a pressure of 200 mm Hg at least 1 min (Kerslake, 1949) 
| before taking readings. A collecting pressure of 65 mm Hg was employed in all experiments. The 
plethysmograph temperature varied between 32 and 34° C but the small temperature differences 
| did not appear to alter the response. In calculating the blood flow it is especially difficult to draw 
a satisfactory tangent to the pulse waves on the inflow curves obtained during overventilation 
} (Fig. 1), and tangents were therefore drawn to the respiratory instead of the pulse waves. The 
tangents often touched more than two respiratory waves, and they gave a fair representation of 
f the average initial slope of the curves. 

The blood flow through the hand was recorded in some experiments, using the method of Free- 
| man (1935). The procedure was exactly the same as for the forearm except that the plethysmo- 
ler graph was at 32° C and the hand was enclosed in a loosely fitting surgical glove, sealed to the 
rubber ring of the plethysmograph. 
¥ The rate of breathing during the 3 min of overventilation was synchronized with a metronome 
at 20/min and subjects were instructed to breathe as deeply as possible during this period and 
not to exercise voluntary control at its conclusion. 

The CO, mixtures were made up in air so that the O, content was never lower than 18%. They 
were made up in a Douglas bag not more than an hour before being used, and samples taken just 
before the experiments were analysed in duplicate for CO, by the Haldane gas analysis apparatus. 
The subjects breathed the mixture through a mouthpiece with two-way valves and with the nose 
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clipped. The mouthpiece and nose-clip were applied before the first blood flow readings and 
removed after the last. 

In some experiments the blood pressure was measured during the overbreathing by mercury 
manometer connected by polythene tubing to a wide-bore needle in the brachial artery. A con- 
tinuous flow of about 1 ml. of saline per min was maintained through the needle by a mechanically 
driven syringe to prevent clotting. A collapsible rubber bag was interposed in the system to 
isolate the sterile saline from the saline in contact with the mercury, and all except the mercury 
manometer was sterilized before use. If the pressure at the needle point was suddenly dropped 
from 100 mm Hg to zero the manometer registered 50 mm Hg after a delay of 3 sec and 25 mm Hg 
after a delay of 7 sec. Venous pressure was measured by a saline manometer connected by poly- 
thene tubing to a needle in the antecubital vein. Readings were made only while respiratory 
fluctuations in pressure were clearly present. All pressures are referred to zero in the horizontal 
plane passing through the needle tip. 

Experiments were also carried out in which the composition of the subject’s alveolar air was 


determined while overbreathing air and also before, during and after overbreathing 7-4-9:3 % CO,. 


Haldane-Priestley alveolar samples were taken into evacuated sampling tubes from an extension 
tube fitted to the exhaust side of the mouthpiece but the limitations of the apparatus prevented 
the taking of more than four samples in any one experiment. 


RESULTS 


Regular results of the type to be described were obtainable only in subjects 
who had been trained to overbreathe effectively, and who were warm at the 
time of the experiment, and had a resting forearm flow of at least 1-5 mk; 
100 ml./min. 

The effect of voluntary overbreathing of air 

The blood flow through the forearm of ten subjects was measured before, 
during and after overbreathing air for 3 min. A conspicuous rise was obtained 
in all subjects and most showed a slight reduction in blood flow below the 
resting value 14-2 min after ceasing overbreathing. Fig. 1 shows typical flow 
records. Fig. 2a shows graphs of three of these experiments, and Fig. 3a 
shows the average of the ten experiments. The subjects did not become tolerant 
to the procedure, for experiments were repeated on the same subjects on 
several different days with similar results. 

On ten subjects the alveolar air composition was observed before over- 
breathing and | and 3 min after starting (Fig. 4a). The average CO, percentages 
were: at rest, 5-53; after 1 min, 3-01; and after 3 min, 2-66. 

Six experiments were also carried out on two subjects to determine whether 
the pressure in the brachial artery changed during the 3 min of overventilation. 
On every occasion the mean pressure fell 4-12 mm Hg and it usually rose to 
normal again during the next 2 min (Fig. 5a). It was not possible to carry out 


many experiments on blood pressure because in the sitting position necessary . 


for adequate overventilation subjects unfamiliar with brachial artery puncture 
tended to faint. 


There was a rise of venous pressure in each of two subjects during over- 
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Seconds 
Fig. 1. Plethysmographic tracings of change in forearm volume on application of collecting 
pressure: (a) while quietly breathing air; (b) 1 min after start of overbreathing air as described 4 
in the text; (c) while quietly breathing air 1 min 20 sec after the period of overbreathing. 7 a 
Forearm volume 570 ml. Vertical scale: 1 ml. per division. . 


A.D.M.G. 


i=) 


Forearm blood flow (ml./100ml./min) 
> 


i 2 


Minutes 

Fig. 2. Forearm blood-flow observations on individual subjects. The subject was quietly breathing 
air except for the 3 min period between the vertical lines, when he was breathing as deeply as 
possible 20 times per minute (a) air, (b) approx. 6-5% CO,, (c) approx. 85% CO). 
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q Minutes 

q Fig. 3. Average of all experiments, conventions as in Fig. 2. (a) ten experiments overbreathing 
| air; (b) eight experiments overbreathing approx. 6-5 % CO,; (c) ten experiments overbreathing 
approx. 85% 
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Fig. 4. Observations on alveolar CO, percentages (a) overbreathing air, and (b) overbreathing 
8-5 % CO, during the 3 min period between the vertical lines. The short vertical lines indicate 
by their length the 95% confidence limits (+ twice the s.z.) of the mean of the observations 
made at that time. The dotted lines have been drawn to indicate the probable trend of CO, 
percentage at times where no measurements were available. 


b 

100 

4 80 
Minutes 
Fig. 5. Brachial arterial pressure measurements made by direct manometry overbreathing 
4 (a) air for 3 min, (b) 9-1% CO, for 3 min between the vertical lines, These results are similar 
1 to (a) five and (b) two others. 
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ventilation, the average rise over the 3 min period being 5-9 cm of saline. The 
pressure gradually returned to normal afterwards. 

The blood flow through the hand was measured in four subjects over- 
breathing air. In every case there was a fall in blood flow to about one-third 
of the resting value which persisted throughout the 3 min of overbreathing 
and the blood flow rose gradually to normal during the following 10 min. 


The effect of voluntary overbreathing of 6-5% CO, in air 

The forearm blood flow of eight subjects was also recorded when over- 
breathing 6-1-6-9°% CO,. In all cases the rise was much smaller than when 
overbreathing air (Figs. 2b and 36). Such rise as there was occurred mainly 
in the first } min and was probably emotional. The main rise when breathing 
air was after the first 4 min and is therefore unlikely to be emotional. 

It seemed possible that the smaller response in this series might be due to 
the effects of breathing through a mouthpiece, This was excluded because in 
three experiments in which air was overbreathed through a mouthpiece the 
response was quite as large as in the first series. 

Venous pressure was measured in one of these experiments and varied by 
less than 1 cm of saline during the overbreathing. 


The effect of voluntary overbreathing of 8-4°%, CO, in air 

Since the response was reduced or abolished by overbreathing 6-5% CO, it 
was thought that a higher percentage might reduce the blood flow to below 
the resting value. The effect of 7-8-8-9°% CO, was tested on ten subjects. The 
blood flow while breathing the mixture was still slightly raised, but on 
returning to air there was a pronounced rise (Figs. 2c and 3c). | 

The composition of the alveolar air was determined in ten subjects at various 
times before, during and after overbreathing 7-4-9-3°/, CO,. As can be seen 
from Fig. 4b the alveolar CO, percentage fell below the resting level at the 
time of highest blood flow. 

Blood-pressure records in three experiments showed that during the over- 
breathing there was a steady rise in pressure which eventually reached 34 mm 
Hg above the resting level but that by the time the maximum blood-flow peak 
occurred 1 min after returning to breathing air, the blood pressure had almost 
returned to normal (Fig. 55). 


The effect of quietly breathing pure O, 
In three subjects the forearm blood flow was measured as usual and for 
3 min they breathed O, instead of air. No change in blood flow was detected 


during this period. 
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DISCUSSION 


It appears from these experiments that there is a considerable increase in 
blood flow through the forearm during voluntary overbreathing. This could be 
due either to vasodilatation of the vessels of the forearm or to increase of 
perfusing pressure. However, the brachial arterial pressure is consistently 
reduced, as was also observed by Vincent & Thompson (1928), and the ante- 
cubital venous pressure is raised during the period of increased forearm blood 
flow. There is therefore a reduced arterio-venous pressure difference in the 
arm, which by itself would tend to reduce the rate of blood flow. Such pressure 
changes, however, might be expected in an arm during vasodilatation. 
During the overventilation the blood flow through the hand was found to 
fall, as was first observed by Stewart (1911) using calorimeters. The rise in 
forearm blood flow cannot, therefore, be attributed to any mechanical effect 
of overventilation. Further, since the hand blood flow is mainly cutaneous, 
it suggests that, if the forearm skin behaves in the same way, the forearm 
vasodilatation must be in the muscle. | 
It is concluded therefore that there is a muscular vasodilatation and this 
could result from chemical or nervous stimulation. The chemical changes that 
might result from overventilation are increase in blood O, tension, decrease im 
blood CO, tension or an increase in the amount of some circulating hormone. 
The arterial blood oxygen tension is almost certain to be higher while quietly 
breathing pure oxygen than while overbreathing air, but the former procedure 
is found to have no effect on forearm blood flow. A fall in blood CO, tension 
is likely in view of the rapid fall in the alveolar CO, percentage but most of the 
evidence (McDowall, 1938) has shown that CO, acts locally as a vasodilator 
and presumably deficit causes vasoconstriction. There remain, therefore, the 
alternatives that the vagédilatation is due to increased liberation of a vasodi- 
lator hormone or to an alteration in vasomotor tone. With regard to the former 
possibility it will be seen that some of the blood-flow curves show a striking 
resemblance to those produced by an intra-arterial infusion of adrenaline 
(Allen, Barcroft & Edholm, 1946). It has not yet been possible to decide con- 
clusively between these two mechanisms, for an extended series of experiments 
on sympathectomized subjects and subjects with nerve blocks would be 
needed. | 
The results indicate the nature of the effective stimulus, for the over- 
breathing affects the body both mechanically and by washing out CO,. How- 
ever, in none of the experiments in which CO, was overbreathed was there 
a rise in blood flow of the same order as the rise with air, and this suggests 
that the operative factor is a fall in CO, tension or content somewhere within 
the body. The evidence shows that a rapid fall in alveolar CO, percentage, 
rather than a sustained low level of CO, percentage, is associated with the 
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test increase in forearm flow. In the experiments on overbreathing of air 
there is a fall of 2-5 in the alveolar CO, percentage in the first minute and the 
blood flow is considerably raised. The blood flow is much less raised during 
the next 2 min during which the alveolar CO, percentage is even lower but is 
falling more slowly. The experiments in which 8-4% CO, was overbreathed 
suggest the same conclusion, for during the period immediately following 
breathing CQ, the blood flow rises rapidly. At the same time the overbreathing 
gradually ceases, the blood pressure falls to normal and the alveolar O, tension 
changes little, none of which changes could, on the evidence of the experiments 
already described, explain the increase in blood flow. The alveolar CO, per- 
centage falls a little below normal but not enough by itself to account for the 
blood flow response. However, there is a rapid drop during the first minute 
of about 3-9 in the alveolar CO, percentage which may well stimulate chemo- 
receptors and bring about the vasodilatation. 


SUMMARY 


1. During moderate overventilation (20/min for 3 min at maximum depth) 
there is a twofold increase in blood flow to the forearm. 

.. 2. This increase is due to a vasodilatation rather than to a change in per- 
fusion pressure, and the vasodilatation is probably in the muscle rather than 
the skin. 

3. Ifit is assumed that CO, lack constricts human blood vessels locally then 
the vasodilatation is brought about on the efferent side by nervous or hormonal 
mechanisms rather than by a change in blood O, or CO, contents. 

4, Theresponse is not provoked by the mechanical or oxygen tension changes 
associated with overventilation. It appears to be related to a falling level of 
alveolar carbon dioxide tension. 7 

5. It is suggested that a falling carbon dioxide tension somewhere within 
the body stimulates some unidentified — mechanism which causes 
the muscular vasodilatation. 


I wish to thank Prof. A. D. M. Greenfield, at whose suggestion this work was carried out, for 
his help and advice, Dr F. Duff, Dr J. T. Shepherd and Dr I. D. Thompson for much help with 
the experiments in which arterial pressure was measured, and all those students who acted as 
subjects. 
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MEDULLARY CHEMOSENSITIVE RECEPTORS 


By CURT von EULER anp ULF SODERBERG 


From the Nobel Institute for Neurophysiology, 
Karolinska Institutet, Stockholm, Sweden 


(Received 25 June 1952) 


Pulmonary ventilation is chemically regulated partly from the peripheral 
chemoreceptors of the carotid and aortic bodies and partly from chemo- 
sensitive structures within the medullary centres. This paper deals with the 
central share in the chemical regulation of breathing, the main problems being 
whether the adequate stimulating factor acts directly on the interneurones of 
the respiratory reflex and co-ordination centres or via special central chemo- 
ceptors. We have not entered into the problem of the nature of the adequate 
chemical stimulus. 

The stimulating action of carbon dioxide upon the respiratory centre was 
described by Pfliiger (1868). After the discovery of the peripheral chemo- 
ceptors by F. J. Heymans and C, Heymans in the years 1924-35, C. Heymans 
and co-workers showed that after denervation of the peripheral chemoceptive 
areas the respiratory centres still responded to the arterial pCO, (cf. Heymans 
& Bouckaert, 1939). This has since then been repeatedly confirmed by many 
authors (for references see summaries by Hesser, 1949; Gray, 1950; and 
Heymans, 1951). The central chemosensitive structures are localized in 
approximately the same part of the reticular formation of the bulb as the 
respiratory reflex and co-ordination centres (Stella, 19384, 6; Pitts, Magoun & 
Ranson, 1939; Pitts, 1942; Comroe, 1943). 

Very little is known about which structures of this region are sensitive to 
carbon dioxide. It is commonly held that CO, acts directly upon the inter- 
neurones of the respiratory reflex and co-ordination centres. For instance, 
Gesell (1940) advances the opinion that one and the same neurone is activated 
by afferent impulses and by chemical factors. Pitts (1946) has expressed 
a similar view. Further, it is obscure whether CO, acts through impulse 
generation or through a modulation of an impulse discharge as postulated by 
Gesell (1940). 
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The present investigation shows that the stimulating effect of carbon 
dioxide, as read from the phrenic efferent neurogram, can be selectively 
depressed without impairing the stimulating action of several kinds of 
respiratory reflexes. In addition, rhythmical and continuous discharges of 


action potentials were recorded from the completely denervated rhomben- 


cephalon in response to carbon dioxide. We have arrived at the conclusion 
that the bulbar chemosensitive structures are not involved in the respiratory 
reflex and co-ordination pathways, but constitute a special chemoceptor 
system. This paper presents the evidence for this view. 


METHODS 


The experiments were carried out on decerebrate cats. In one group of experiments tubocurarine 
was given in doses sufficient to prevent respiratory movements; in the other group the spinal cord 
was cut between Cl and C2. Artificial respiration was maintained by a Starling pump connected 
to Douglas bags containing different gas mixtures. The blood pressure in the femoral artery was 
controlled with an Hg manometer. The saphenous vein was cannulated for intravenous injections. 

Complete denervation of rhombencephalon was accomplished as follows. After decerebration 
under ether the trigeminal roote were out intracranially ET, IV and VI. 
A dose of 0-5 ml. veritol (p-(2-methyl I )-phenol) was given intramuscularly to prevent 
a great fall in blood pressure. Laminectomy of the first and second cervical vertebrae and section 
of the cord between C1 and C2 followed. Artificial respiration was started. The spinal roots of C1 
were cut. A part of the occipital bone was removed to make room for the insertion of electrodes 
into the bulb. Nerves IX, X, XI and XII (together with the cervical sympathetic) were severed 
at their exit from the skull. Through the tympanic bulla nerves VII and VIII were approached 
and cut. Small pieces of cotton wool moistened with procaine were placed at the central end of all 
these secti 

The action potentials from the interior of the bulb were recorded with a steel needle and a large 
external electrode. The bared tip of the former had a diameter of 20-40 » and was orientated in the 
bulb with the aid of a stereotaxic instrument. An 8.0. coupled amplifier connected to a double 
beam cathode-ray tube and to a loudspeaker was used for the recording. 

For recording the massed discharges from the central end of the phrenic nerve, the amplifier 
output was in addition connected through an integrating circuit (Miller integrator) to the second 
the nerve was obtained. 


RESULTS 
Does carbon dioxide act directly upon the interneurones of the 
respiratory reflex and co-ordination centres ? 

The experiments devoted to this problem were based upon the well-known 
fact that some anaesthetics, e.g. chloralose, alter the relation between the 
‘centrogenic’ and the chemoreflex component of the respiratory drive 
(Marshall & Rosenfeld, 1936; Benzinger, Opitz & Schoedel, 1938; Schmidt & 
Comroe, 1940; Dripps & Dumke,. 1943; Hesser, 1949). However, in these 
papers the spontaneous respiration was used as an index. As the ventilation 
was decreased by the anaesthetic the arterial pCO, was increased. Thus an 
undesirable change in the conditions was introduced. , 
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In our experiments the curarized and vagotomized cat was artificially 
hyperventilated, the minute volume being kept constant during the whole 
experiment. As index of the respiratory activity the impulse discharge in the 
central stump of the phrenic nerve was used. Because of the hyperventilation 
there was no activity in the phrenic motoneurones when pure oxygen was 
given. In order to elicit reflex activity lobeline was used. It is generally 
— that this drug exerts its effect almost solely via the eee 


Fig. 1. Phrenic efferent neurogram of decerebrate cat. Both vagal nerves cut. Tubocurarine. 
Artificial respiration. The upper curves the same as the lower curves after rectification and 
‘integration’. The lower curves disturbed by e.c.g. Records A and B before, C and D after 
intravenous injection of 0-05 g chloralose/kg body wt. Records A and D show the effect of 
1 mg lobeline intravenously during ventilation with pure oxygen. B and C show the effect 
of ventilation with 6-5% CO, in O,. Record E gives the time in 0-25 sec. 


chemoceptors (Heymans, Bouckaert & Dautrebande, 1931; Gernandt, 1946; 
and others). One mg of lobeline given intravenously elicited rhythmical dis- 
charges in the phrenic nerve (Fig. 1 A). The rhythm of the discharges was quite 
independent of that of the respiration pump. When the effect of the lobeline 
had completely disappeared, a gas mixture containing 6-5% CO, in O, was 
given. Again a rhythm of heavy discharges was obtained (record B). After 
switching over to pure oxygen, chloralose was given intravenously in a dose of 
0-05 g/kg. After about 10 min 6-5% CO, in O, was reintroduced me iC). 
PH. CXVIII. 
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The difference in total amount of discharge in records B and C is striking. 
There is clearly a depressing action of chloralose on the central structures 
sensitive to carbon dioxide. The reflex discharge caused by lobeline, however, 
was not altered (record D). 


Fig. 2. Phrenic efferent neurograms of decerebrate cat. The vagal nerves cut distal to the sup. 
laryng. nerves. Hering’s nerves cut. Tubocurarine. Artificial respiration with pure oxygen 
in records B and D, with 6-5% CO, in O, in A and C. B and D show the effget of continuous 
electrical stimulation of the left sup. laryng. nerve. Stimulation frequency 120/sec. Records 
A and B before, records C and D after intravenous injection of 0-05 g chloralose/kg body wt. 
Record E gives the time in 0-25 sec. 


Fig. 2 illustrates in a similar way the effects of 6-5°% CO, in O, and con- 
tinuous repetitive electrical stimulation of the superior laryngeal nerve before 
and after administration of 0-05 g chloralose/kg body weight. The stimulating 
action of CO, was almost abolished by chloralose whereas the reflex response 
was but slightly depressed. Similar experiments showed that chloralose did 
not significantly influence the respiratory reflexes elicited by repetitive 
electrical stimulation of the central end of the cut vagus nerve or of the main 
roots of the brachial plexus. 

Since chloralose strongly depresses the central sensitivity to CO, without 
suppressing respiratory reflexes, it is concluded that the chemosensitive 
structures in the bulb cannot be links in the pathways of respiratory reflexes. 
However, without further evidence it cannot be concluded that the stimulating 
action of carbon dioxide is brought about by impulse generation. There 
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remains the possibility that CO, exerts its influence upon interneurones of 
collateral arcs which change their excitability to the afferent impulses 


. impinging upon them. This possibility suggests the following question. 


Do the medullary chemosensitive structures generate impulses in response 
to stimulation with CO,? 

In order to solve this problem we have studied action potentials within the 
medulla after complete denervation of the rhombencephalon (see p. 546). One 
hour after the denervation was completed the search for active neurones in the 
interior of the bulb was begun. A needle electrode orientated by a stereotaxic 


A 


Fig. 3. Action potentials from the interior of medulla oblongata in cat. Rhombencephalon 


completely denervated. Record A during ventilation with 6-5% CO, in O,. B during ventila- 
tion with pure oxygen. Time in 20 c/s. 


instrument was used. During this procedure the cat was hyperventilated with 
a gas mixture containing 65% CO, in O,. Compared with relatively more 
intact preparations, the completely denervated ones were extremely ‘silent’. 
It was difficult to locate active spikes but those found were tested by the 
employment of different gas mixtures. In general, the records were composed 
of responses from more than one neurone, but single-cell responses were some- 
times obtained. The minute volume was kept constant during the whole 
experiment. Regularly the discharge was abolished when pure oxygen was 
given and increased when the CO, content of the inspired gas was raised. This 
held true for the rhythmically recurring discharges (Fig. 3) as well as for the 
continuous ones (Figs. 4, 5). 

Fig. 3.A shows one of the rhythmical running discharges to 6-5 % CO, in O,. 
The length of the record is that of one cycle. The discharge of the medium- 
sized spikes in the middle of record A is likely to be an inspiratory activity 
because of its typical frequency curve (Gesell, Bricker & Magee, 1936; Pitts, 
1942; Dirken & Woldring, 1951). It is more difficult to comment upon the 
significance of the large spike. However, both spikes were abolished when 00, 


was removed from the artificially inspired gas (record B). 
3 35-2 


; 
} 
{ 
B 
way 
Sag 
~ 
25 
au 
a ay 
e 
HA 
e 
4 4 
t 
J 


550 CURT VON EULER AND ULF SODERBERG 


Fig. 4 shows an example of a continuous discharge to various concentrations 
of carbon dioxide. Fig. 5 shows another example in which the sensitivity of 
the active neurone was much lower than in Fig. 4. Fig. 5A shows a con- 
tinuous discharge from a single neurone in response to 10% CO, in the arti- 
ficially inspired gas. In B the CO, content was reduced to 6-5 % and in C pure 
oxygen was given. : | 


Fig. 4. Action potentials from the interior of medulla oblongata in cat. Rhombencephalon 
completely denervated. Record A during ventilation with 65% CO, in 0,, B with pure 
oxygen, C with 3% CO, in 0,, D with 15% CO, in O,. Time in 20 c/s (E). 


One explanation of this continuous discharge to carbon dioxide might be 
that the neurone is injured by the electrode and depolarized to an inexcitable 
level during ventilation with O,. Carbon dioxide might repolarize the neurone 
(cf. Lorente de N6, 1947) to such an extent that an injury discharge can start 
again. Records D-F of Fig. 5 show that this had not been the case. Records D 
and E were obtained about 1-0 and 1-5 min after beginning ventilation with 
pure nitrogen. It is practically certain that the spike in record D is the same 
as in A and B. This spike is still present in E although this record is dominated 
by a new spike, the CO, sensitivity of which is not known. These records show 
that anoxic depolarization elicited repetitive firing of the same element as was 
stimulated by carbon dioxide. Thus this neurone could not have been deeply 
depolarized before nitrogen. The discharges which occurred during ventilation 
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with pure nitrogen are not due to a specific effect on the neurones of the 
respiratory centre (C. v. Euler & Séderberg, 1952). 3 

Moderate hypoxia induced by ventilating the cat with 7-9% 0, in N,, 
however, did not in any case cause repetitive firing of neurones activated 
by carbon dioxide. The main conclusion to be drawn from the experiments 
described is that afferent impulses are not necessary to bring about the 
stimulating action of carbon dioxide on respiration. 


C 


G 

Fig. 5. Action potentials from the interior of medulla oblongata in cat. Rhombencephalon 
completely denervated. Record A during ventilation with 10% CO, in O,, B with 65% 
CO, in O,, C with pure oxygen, D and E with pure nitrogen, F with pure oxygen. G, time in 
20 o/s. 


DISCUSSION 

The experiments show that respiratory reflexes are almost unaffected by 
a chloralose concentration which is sufficient to block the central effect of CO,. 
Thus it can be concluded that chloralose either blocks the receptors sensitive 
to carbon dioxide or the path from the receptor to a neurone in the respiratory 
reflex arc. Another explanation would presuppose that different parts of the 
membrane of one and the same neurone have different properties. Such an 
assumption seems unlikely to the authors. The highly selective action of 
chloralose on different kinds of neurones and receptors can be illustrated by the 
findings of Neil, Redwood & Schweitzer (1948; 1949a, b, c) who demonstrated 
that chloralose inactivated the efferent pathway of the baroceptor reflex in 
cats, acting both on the baroceptors themselves and on the central synapses. 
This effect was not obtained in dogs and rabbits. It may be of interest to 
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mention that some other anaesthetics, e.g. morphine, also depress the central 
chemosensitivity compared with that of the peripheral chemoceptors (Marshall 
& Rosenfeld, 1936; Benzinger et al. 1938; Schmidt, 1940; Dripps & Dumke, 
1943). 

As to the second group of experiments described here, it has often been 
concluded from denervation experiments that the medulla or brain stem is 
inherently rhythmical. As early as 1812, Legallois in beautiful experiments 
demonstrated rhythmical activity from a medulla separated from both the 
diencephalon and the spinal cord. This has been confirmed repeatedly by 
Heymans & Heymans (1927), Adrian & Buytendijk (1931), Stella (19382), 
Winterstein (1946) and others. The validity of such a conclusion, however, 
depends wholly on the completeness of the denervation. In the literature cited 
the only complete denervation described is made in the experiments of Adrian 
& Buytendijk (1931) on the isolated brain stem in goldfish. The respiratory 
movements of fishes, however, appear to be more dependent on oxygen 
tension than on CO, tension (Krogh, 1941). In our experiments the denerva- 
tion was complete. It is also of the greatest importance to make certain that 
impulses are not generated at the site of the sections. Burns (1951), investi- 
gating isolated slabs of cortex, described as a post-operative phenomenon out- 
bursts of activity which declined steadily with time and in no case lasted for 
more than 3 hr. In order to prevent it the sections in our experiments were 
treated with procaine as described above. 

Our experiments confirm the inherent rhythmicity of the medulla and show 
that these rhythmical discharges are dependent on pCO,. Gesell (1940) 
assumes that CO, does not act by means of impulse generation but by 
modifying a basic discharge activity of the neurones due to a metabolic 
gradient from the dendrites to the axon hillock. During hyperventilation with 
pure oxygen every sign of continuous activity was abolished. We are therefore 
inclined to conclude that CO, acts by generation of impulses. As the site of 
this impulse generation has been shown in the present paper to be outside the 
reflex arcs, the only remaining possibility is the existence of a special chemo- 
ceptor system within the medulla oblongata, probably intermingled with 
respiratory neurones in the reticular formation. C. v. Euler & Séderberg (1952) 
have also been able to record slow potential shifts as a response to alterations 
in the blood chemistry within the same area. Experimental evidence was 
given, permitting the conclusion that these ‘chemo-potentials’ arose from 
a bulbar chemoceptor system. | | 

As has been mentioned above, there was a very great difference in activity 
between the denervated and the non-denervated medulla. The denervated one 
tended to be ‘silent’ and rhythmical respiratory activity was not often 
observed. One group of the relatively more intact cats from which spike 
activity within the medulla was recorded was curarized and artificially 
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ventilated. In such preparations most of the rhythmically recurrent activity 
was not influenced by altering the CO, content of the inspired gas. The activity 
was probably therefore due to afferent impulses and in many cases it proved 
possible to find their corresponding receptors in the periphery, and to identify 
them as hair touch or muscle receptors. This should be kept in mind when this 
method is used for the purpose of localization. For such investigations the 
completely denervated preparation is evidently of great value. 

Besides the rhythmical discharges, we have also obtained continuous dis- 
charges, the frequency of which varied with the amount of CO, given. We have 
already discussed and excluded the possibility that this variation of frequency is 
an artifact due to injury by the electrode. Nor could the spontaneous activity 
obtained have been a sign of ‘apneusis’ because in one cat it alternated with 
rhythmical activity when recording from different sites. Our observations, 
therefore, strongly support the view that the continuous discharge in response 


to CO, is recorded from the ‘afferent pathway’ of the bulbar chemosensitive 


receptors. 


SUMMARY 


1. Respiratory activity was studied on phrenic efferents in Geneeennnse cats 
under tubocurarine and artificial respiration. 

2. Chloralose strongly depressed the central effect of carbon dioxide but 
left unimpaired the respiratory reflexes studied. 

3. Action potentials have been recorded from the interior of the respiratory 
centres of the completely denervated rhombencephalon in the cat. 

4. Rhythmical as well as continuous discharges have been recorded in 
response to carbon dioxide added to the artificially inspired gas. The activity 
was abolished by hyperventilation with pure oxygen. 

5. It is concluded that the ‘centrogenic’ respiratory effect of carbon dioxide 
is due to special chemosensitive receptors within the respiratory centres. 


The authors are indebted to the Swedish Medical Research Council and the fund ‘Therese och 
Johan Anderssons Minne’ for economic support of this work. 
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SLOW POTENTIALS IN THE RESPIRATORY CENTRES 


By CURT von EULER anp ULF SODERBERG 
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(Received 25 June 1952) 


In another paper the present authors (1952) have reached the conclusion that 
the central component of the stimulating effect of carbon dioxide on pulmonary 
ventilation is due to special chemosensitive receptors within the respiratory 
centres, 

In this paper it will be shown that slow electrical responses can be recorded 
from the chemosensitive structures in the medulla in response to adequate 
stimulation. These slow ‘chemo-potentials’ are in several respects similar to the 
‘temperature potentials’ from the hypothalamic temperature regulating 
centres (C. v. Euler; 1950). The present paper describes these slow potentials 
in response to CO, added to the inspired gas and analyses their origin. It 

will be concluded that the ‘chemo-potentials’ are due to medullary chemo- 
_ sensitive receptors, in accordance with our conclusions cited above. 


METHODS 


The experiments were carried out on decerebrate and chloralosed cats (0-05 g chloralose/kg body 
weight intravenously). The main part of the occipital bone was removed and in some experiments 
the major part of the cerebellum extirpated by suction. 

The cat breathed through a tracheal cannula connected to respiratory valves, The inspiratory 
side of the valves was connected to a set of Douglas bags containing different gas mixtures. 
Artificial respiration could be introduced instantaneously during the course of the experiment by 
means of a Starling pump. The intratracheal pressure was recorded with a mirror manometer as 
an index of the pulmonary ventilation. In some of the experiments the ventilation was recorded 
quantitatively by means of a spirometer connected to the expiratory side of the respiratory valves. 
The spirometer which operated a recording galvanometer was rapidly emptied every 30 sec. 

The blood pressure was recorded with a mirror manometer connected to the femoral artery. 

Potential changes in the brain were recorded with two calomel capillary electrodes. The external 
diameter at the tip was about 50. The resistance of the electrode was about 4 MQ. In several 
experiments the ‘indifferent’ electrode had a much larger diameter; in some cases it was made of 
a thin plastic tube. The electrodes were orientated in the brain with the aid of a modified Horsley- 
Clarke stereotaxic instrument. The potential changes were recorded with a mirror galvanometer 
which was isolated from the preparation by a d.c. push-pull coupled amplifier with 5 MQ grid 
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leaks. The amplifier operated a mirror galvanometer which was critically damped and had a 
period of 1/sec. The maximal d.c. sensitivity of the system was 0:3 mV/cm on the record. 
The potential changes, the blood pressure and the respiration could be recorded simultaneously | | | 
on bromide paper. 
After the experiments the electrode positions were determined by various histological methods. 


RESULTS 

When carbon dioxide was added to the inspired gas, it was found possible to | 
record slow potential changes with one electrode placed in the posterior part 

of the medulla and the other electrode anywhere outside this region (Fig. 3). 
When both electrodes were placed in brain tissue beyond the posterior part of 
the medulla we have, with very few exceptions, failed to obtain any potential 
differences in response to carbon dioxide added to the inspired gas. This 
provided an easy way of checking the reference electrode. Generally the 
electrical and the respiratory responses occurred simultaneously. However, , 
minute discrepancies were sometimes obtained. The small temporal dis- 


crepancies could be attributed to small bleedings or disturbances in the 
circulation at the electrode tip (cf. C. v. Kuler, 1950). 


1 min 

Fig. 1. Chloralosed cat spontaneously breathing 100% 0,. Some different types of potential 
records from different points along one electrode track in response to 10% CO, in O, given 
between the vertical marks. C, cuneate nucleus; D, dorsal motor nucleus of vagus; H, hypo- 
glossal nucleus; L, lateral reticular nucleus; M, medial lemniscus; 0, inferior olive; Py, 
pyramidal tract; S, nucleus and tractus solitarius; 7’, trigeminal spinal tracts. 


Form and amplitude of chemo-potential 
The potential change, as recorded from the posterior part of the medulla, 
was generally polyphasic. ‘Monophasic’ potential changes were often recorded 
and generally were of greater amplitude than the polyphasic ones. Fig. 1 shows 7 
some different types of potential records from different points along one 


electrode track, the most striking feature being changes of polarity within 
1 mm movement of the electrode. | 
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Maximum amplitude of the potential change set up by 65% CO, in O, was 
about 4 mV in decerebrate cats and about 2 mV in chloralosed cats. 

In some experiments the potential response to shifting from pure oxygen to 

a CO,-O, mixture was less pronounced than that obtained when shifting back 


to pure O,. In Fig. 2 only the latter response is present. Simultaneously with 
this ‘off’ response respiration was generally depressed (cf. Fig. 6). 


“we 


————4 1 min 


Fig. 2. Decerebrate cat, spontaneously breathing 100% O,. Hering’s and vagal nerves bilaterally 


served. Test gas, given between vertical marks, contained 6-5% CO, in O,. Records inter- 
rupted every 30 sec. 


The adequate cause of the slow medullary potentials 

The potential change in response to carbon dioxide was elicited no matter 
whether the peripheral chemoceptors of the carotid and aortic bodies were 
intact or completely denervated and no matter whether the animal was 
breathing spontaneously or was artificially ventilated. In the latter case the 
rate of potential change was slower than when the animal was breathing 
spontaneously. This can be explained by the fact that the minute-volume was 
kept constant (see Fig. 3). Reduction of the alveolar cCO, by hyperventilation 
elicited potential changes in the same foci from which responses to increase 
in the alveolar cCO, were recorded but of opposite polarity. 

Hypoxia induced by giving a gas mixture containing 8% 0, in N, elicited 
no medullary potential change when hyperventilation was prevented by 
constant artificial ventilation (Fig. 4). Nor did hypoxia elicit any potential 
changes in a spontaneously breathing animal deprived of its peripheral 
chemoceptors. It may be pointed out in this connexion that it is generally 
accepted that hypoxia augments the pulmonary ventilation exclusively by © 


stimulating the peripheral chemoceptors (e.g. Bjurstedt, 1946, where are 
further references). 
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Anoxia provoked by giving pure nitrogen caused potential changes which 
by no means were specific for the posterior part of the bulb. 


Reflex activation of the respiratory centre 
It has already been shown above that stimulation of the peripheral chemo- 


ceptors by hypoxia did not as such elicit slow medullary potentials of the type 
described. 


Respiration 
A pi 


B.P. 
100 
mm Hg 
B 
Pot. 
| mV 
140 
B.P, 
100 
mm Hg 


Fig. 3. Chloralosed cat. Hering’s and vagal nerves bilaterally severed. 100% O,. Test gas, given 
between vertical marks, contained 10% CO, in O,. Record A during spontaneous, and record 
B during constant, artificial respiration. Record interrupted every 30 sec. 


Stimulation of the carotid bodies by close arterial injection of a few micro- 
grams of lobeline caused no potential changes if hyperventilation was prevented 
by artificial respiration or if Hering’s nerve was sectioned. Otherwise lobeline 
caused the potential change typical for hyperventilation. 

Afferent impulse activity in the vagal nerves was altered by increasing or 
decreasing the intratracheal pressure. This did not influence the genesis of the 
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medullary potential described, nor did section of the vagi, provided that the 
respiratory minute-volume was kept constant. 

The influence of other afferents was tested by comparing the potential 
changes in response to carbon dioxide before and after separation of the 
medulla from the spinal cord and from the pons. No significant change was 
observed. 


A 


| 
i | | 


Fig. 4. Chloralosed cat. Vagal nerve bilaterally severed. Both Hering’s nerves intact. 100% Oy. 
Test gas, given between the vertical marks, contained 7:9% O, in N,. Record A during 
spontaneous, and record B during constant, artificial respiration. Records interrupted every 
30 sec. 


Thus it has been shown that the ‘chemo-potentials’ are elicited by changing 
the alveolar cCO, and that they are not caused by afferent impulses from the 
periphery, nor by changes in the excitability of the respiratory reflex centres 
or in the activity of the efferent pathways. 


Localization 
Rather few electrode positions could be examined in each experiment since 


the test at one electrode site took at least half an hour because it was necessary 
to wait for the demarcation potential to be stabilized. This usually required 
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some 15 min. For this reason our experimental material, although it consists 
of some hundred electrode sites, is not well suited for a statistical treatment. 
Some conclusions, however, can be drawn. Generally we have obtained 
‘chemo-potentials’ only within a region rostrally limited by a level 1 mm 
anterior to the fovea inferior of the fourth ventricle and caudally by a level 
3 mm behind the obex. The lateral limitations have not been examined in 


B 
Fig. 5. Diagram showing the region from which the chemo-potentials were recorded. A, section 
just in front of the obex level. B, dorsal view of the brain stem: Ac, acoustic tubercle; 
BC, brachium conjunctivum; BP, brachium pontis; C, cuneate nucleus; C1, first cervical 
root; D, dorsal motor nucleus of vagus; G, gracile nucleus; Z, lateral reticular nucleus; 


M, medial lemniscus; O, inferior olive; P, area postrema; Py, pyramidal tract; R, restiform — 


body; S, nucleus and tractus solitarius; 7’, trigeminal spinal tract; V, tuberculum cinereum. 


detail but extreme lateral sites showed negative results (see Fig. 5). Within the 
area described, ‘chemo-potentials’ were not obtained everywhere but only 
from scattered foci. | 

It has not been possible to correlate the foci from which the ‘chemo- 
potentials’ could be recorded with regions dominated by ganglion cells or 


dominated by fibre tracts. In order to ascertain whether carbon dioxide 


produced a potential difference between soma and axon we have recorded the 
potential between the anterior horn cells and the ventral root in a way similar 
to that described by van Harreveld (1946). On addition of CO, to the inspired 
gas, significant potential differences were not observed with this technique, 
nor did they occur in response to 8% O, in N,. During anoxia the anterior 
horn cells became negative relative to the ventral root, confirming the results 
of van Harreveld (1946). In contrast to this author, however, we always 
observed a post-anoxic ‘over-shooting’ of the potential (Lorente de Né, 1947; 
Lundberg, personal communication). 


Occasionally potential changes in the hypothalamus have been recorded in 


response to alterations in the composition of the inspired gas (C. v. Euler, 1950). 
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The influence of chloralose upon the ‘chemo-potential’ 
Several of the experiments were carried out on chloralosed cats. The 


depressing action of this drug on the pulmonary ventilation (cf. C. v. Euler & 
= 1952) varied from experiment to experiment. In general, we had 


Fig. 6. Decerebrate cat spontaneously breathing 100% O,. Hering’s and vagal nerves bilaterally 


severed. Four consecutive tests with 6-5 % CO, in O,, given between vertical marks. Inrecord | 


B between first pair of marks 0-03 g chloralose/kg body weight was injected intravenously. 


the impression that there was a correlation between the magnitude of the 
respiratory response to a certain concentration of CO, in the inspired gas and 
the likelihood of obtaining a significant ‘chemo-potential’ in response to the 
same gas mixture. In order to study the influence of chloralose upon the 
‘chemo-potential’ experiments of the following type were performed. Decere- 
brate cats were used. The electrode position was first checked by demonstrating 
a definite ‘chemo-potential’ in response to a certain concentration of CQ, in 
O,. Then chloralose was injected intravenously and the responses to the same 
gas mixture and to higher CO, concentrations were repeatedly tested. Figs. 6 
and 7 show the depressing effect on both the pulmonary ventilation and the 
slow electrical response. The decrease in ‘amplitude of the ‘chemo-potential’ 
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was always significantly greater than the spontaneous fluctuations which 
occurred during the course of the experiment. 


Waitt 


Fig. 7. Decerebrate cat spontaneously breathing 10 % O,. Hering’s and vagal nerves bilaterally 
severed. Record A shows the potential and respiratory response to 3% CO, in 0,. Record B 
Spirometer emptied every 30 sec. 


DISCUSSION 


It is a well-known fact that carbon dioxide has a very strong dilatating effect 
on the brain vessels, thus increasing the brain volume. This fact must be taken 
into consideration when trying to analyse the genesis of the slow potential 
changes dealt with in this paper. It may be of importance on account of: 
(i) mechanical artifacts due to the change in brain volume, (ii) genuine slow 
potentials arising as a consequence of changed activity at the membrane of the 
blood-brain barrier. The highly specific localization of the carbon dioxide effect 
seems to exclude both these possibilities. There remains, however, the further 
possibility that the vessels of the posterior part of the medulla may be more 
sensitive to CO, than other brain vessels. Wislocki & Putman (1920, 1924) 
have shown that the vessels of the area postrema in the postero-lateral walls 
of the fourth ventricle are much more permeable than the ordinary brain 
vessels. This has frequently been confirmed (among others by the present 
authors). We have, however, been able to obtain typical ‘chemo-potentials’ 
as well as increased ventilation in response to CO, after having cauterized the 
area postrema bilaterally. From the experimental material it is evident that 
the ‘chemo-potentials’ are not dependent on variations in blood pressure. In 
several cases, however, we could not exclude the possibility that such varia- 
tions might have caused slight changes in potential. 

The region within which the ‘chemo-potentials’ could be recorded corre- 
sponds well to the region described by Pitts, Magoun & Ranson (1939) and 
Pitts (1941) as the ‘respiratory centre’, but could be referred neither to the 
inspiratory nor to the expiratory subdivision of the same authors. It has also 
proved impossible to correlate the foci from which ‘chemo-potentials’ were 
derived with regions rich in ganglion cells or dominated by fibre tracts. How- 
ever, we are aware of the possibility that some redistribution of tissue currents 
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may take place owing to the introduction of an electrode producing a canal 
through the tissue. 

Comroe (1943) mapped the structures within the brain stem from which 
respiratory responses could be elicited by injections of a few pl. of buffered 
bicarbonate solutions. The rostral border of the region from which positive 
results were almost always obtained corresponds rather well with the rostral 
limits of the region for the ‘chemo-potentials’. The caudal extent of the 
chemosensitive structures determined with the ‘chemo-potentials’ as index is 
narrower than that determined by Comroe. Thus it seems justifiable to state 
that the ‘chemo-potentials’ are specific for the known site of the ‘respiratory 
centre’ and of central chemosensitive structures. 

The experiments have shown that the ‘chemo-potentials’ were elicited by 
alterations of the CO, content of the inspired gas. As there was a definite 
correlation between the electrical and respiratory responses to carbon dioxide, 
it may be concluded that the ‘chemo-potentials’ are signs of the activity of 
the medullary chemosensitive structures. The experiments have further shown 
that the potential changes depend neither on reflex activity nor on general 
excitability changes of the respiratory reflex and co-ordination centres. This 
proves that medullary chemosensitivity is not a property of the interneurones 


of these centres as generally assumed (cf. for example, Gesell, 1940; Pitts, 


1946). It rather indicates the existence of special medullary chemosensitive 
receptors probably intermingled with the interneurones. The existence of such 
a receptor system within the medulla has been confirmed by another method 
(C. v. Euler & Séderberg, 1952). 

It has recently been shown that similar ‘ steady’ potentials can be recorded 
from the heat-sensitive structures in the hypothalamic centres regulating 


_ temperature in response to changes of temperature of that region (C. v. Euler 


1950). Thus, two different central structures, both sensitive to environmental 
changes, respond to adequate stimulation with slow potential changes. As it 
has now been shown that the medullary chemosensitive structures consist of 
special receptors, it is likely that this is also true of the thermosensitive hypo- 


thalamic structures. 


SUMMARY 


1. Slow potential changes have been recorded from the medullary respiratory _ 


centres in decerebrate and chloralosed cats. 
2. The potentials were shown to be elicited by alterations of the CQ, 
content of the inspired gas. Maximum amplitude of the potential due to 
65% CO, in O, was about 4 mV in decerebrate and 2 mV in chloralosed 
cats. 
3. Moderate hypoxia gave no potential change when hyperventilation was 
prevented by constant artificial ventilation. 
PH. CXVIII. 36 
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4. The potential changes were dependent neither on reflex activity nor on 
general excitability changes of respiratory reflex and co-ordination centres, as 
proved by experimental isolation of the centre concerned. 

5. It has been shown that chloralose has a selectively depressing effect on 
the slow electrical responses. 

6. It is concluded that the ‘chemo-potentials’ are specific for the known 
site of the respiratory centres and it has been shown that they may be — of 
activity of special medullary chemosensitive receptors. 


This work has heels seatieested by grants from the Rockefeller Foundation to this laboratory as 
well as by grants to the authors from the Swedish Medical Research Council and the fund ‘Therese 
och Johan Anderssons Minne’. 
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STRUCTURAL VARIATIONS IN THE ADRENAL CORTEX 
OF THE ADULT CAT 


By MARY C. LOBBAN 


From the Physiological Laboratory, University of Cambridge 
(Received 2 July 1952) 


The existence of a functional inter-relationship between the adrenal cortex and 
the gonads is well recognized in a number of species, and the subject has 
recently been comprehensively reviewed (Parkes, 1945). In some rodents, 
actual visible changes with sexual activity, both in intracellular lipid content, 
and in histological structure, have also been demonstrated in this gland. The 
intracellular lipid in the adrenal cortex of the rat has been shown to undergo 
changes in amount and distribution which occur regularly at certain stages of 
the reproductive cycle (Korenchevsky & Hall, 1938). The innermost zone of 
the adrenal cortex—called by some workers the ‘z-zone’ or ‘variable zone’ 
—has been shown to undergo striking degenerative changes in the mouse, 
associated with puberty in the male, and pregnancy in the female (Masui & 
Tamura, 1926; Miller, 1928; Deanesly, 1928). All the evidence suggests that 
there is a close relationship between the observed changes and variations in — 
sexual activity in the animals which have been studied. 

A sex difference in the staining reactions of the adrenal cortex of the male 
and female cat has already been recorded (Bennett, 1940), while Davies (1937) 
has described a transitory inner zone in the adrenal cortex of the foetal cat. 
‘The present work arose from certain observations which were made during the 
course of a histological study of some of the derivatives of the coelomic 
epithelium in the cat. It was noticed that great variations occurred in the 
structure of the adrenal cortex in the adult animal, and that these variations 
could not be ascribed to a simple sex difference. These variations related 
primarily to the degree of development of the innermost zone of the gland, the 
zona reticularis. As this zone occupied the same position in the adrenal cortex, 


and showed similar staining reactions to those of Deanesly’s ‘variable zone’ in 
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the adrenal cortex of the mouse, it was decided to investigate the structure of 
the adrenal cortex in a number of adult cats of both sexes, with special 
reference to the sexual state of the animals at the time of the investigation. 

It was hoped that such a study might reveal differences in the structure of the 
adrenal cortex which could be related to the sexual activity of the animal. 


METHODS 


Experimental animals. A histological examination was made of the adrenal glands of fifty-five 
adult, healthy cats. The animals were killed either by bleeding, under suitable anaesthesia, or by 
the intracardial injection of pentobarbitone sodium. 

Fization and staining. Both adrenal glands weve removed from each animal immediately after 
death, and were fixed for 3 days in Baker’s formal-calcium fixative (Baker, 1946). For the investi- 
gation of cell structure, paraffin sections were cut at a thickness of 7, and were taken longitudi- 
nally through the midline of each gland. Since the zone which was of particular interest in this 
work, the zona reticularis, showed that affinity for azo-carmine and other acidic dyes which is 
commonly termed acidophilia, Azan staining was used as a routine method throughout the 
investigation. A few frozen sections were treated with Sudan black to demonstrate the presence of 


lipids, but as some of the cats from which the adrenal glands were taken had previously been 


subjected to procedures which might have caused some stress, no systematic study of the lipid 
content of the glands was carried out. 

Determination of the F/R ratio. The relative proportions of the zona glomerulosa, zona fasciculata 
and zona reticularis in each adrenal cortex were determined in its thickest and thinnest portions 
by the use of a micrometer eye-piece. The junction between the zona fasciculata and zona 
reticularis was very sharply defined, as the cells of the latter zone showed an intense acidophilia, 
while those of the former possessed pale-staining cytoplasm. The acidophilic cells showed the 
comparatively small size, darkly-staining nuclei and reticular arrangement commonly recognized 
as typical of the zona reticularis, so, in every case, the junction between acidophilic and non- 
acidophilic tissue was taken as the dividing line between the two zones. The widths of the zones 
were expressed as the number of divisions of the eye-piece scale which they were seen to occupy 
under standard conditions of lighting and magnification. From these estimates the fasciculata/ 
reticularis (F/R) ratio—simply the ratio of the width of the zona fasciculata to that of the zona 
reticularis—was deduced for each gland, and provided a convenient measure for comparison of 
the development of the latter zone in glands from different animals. 

Note. The degree of shrinkage undergone by the adrenal glands during the processes of fixation, 
dehydration and embedding was not determined for all the specimens. In the later part of the 
work, however (from cat 24 onwards) measurements were taken, and the shrinkage was found to 
peo eeptenes %, this figure appearing to be independent of the amount of lipid present in 

Determination of sexual activity. of the cats used during the work 
was ascertained by histological examination of the gonads. In the later stages of the work, the 
adrenal glands of cats in which the sexual condition had been influenced by experimental means 
(e.g. by castration, stilboestrol implantations, and castration with subsequent injections of 
testosterone propionate) were also studied. In the male cats of this series, unilateral adrenalectomy 


was performed before the state of sexual activity was interfered with, so that a direct comparison 
of the adrenal cortices before and after the experimental procedure was made possible. Unilateral 
adrenalectomy was not, as a rule, carried out in the case of the female cats, as it was thought that 


the comparatively severe operative interference involved might well lessen the chances of inducing 
ovarian activity. 
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RESULTS 


Normal cats 


In all cats, the width of the zona glomerulosa was setsiatintiy constant, and 
the width of the zona fasciculata also showed very little variation. The width 
of the zona reticularis, however, varied considerably i in different individuals, 
although the F/R ratio was always the same in the right and left glands from 
+ any one cat. The F/R ratios could be divided into four groups, the individual 
animals within each group showing certain characteristics in common with 
regard to their state of sexual activity (Tables 1-4), 


TaBLE 1, Fasciculata/reticularis ratios in normal male cats 
Widths of zones 
Cat Description G. F/R ratio 
1 Young adult 3 30 12 2-50/1 
2 Adult 3 32 13 2-46/1 
3 Adult 3 31 12 2-58/1 
7 Adult 3° 29 11 2-64/1 
9 Adult 3 32 12 2-67/1 
13 Adult 3 30 13 2-31/1 
E> 24 Adult 3 28 10 2-80/1 
25 Adult 3 30 ll 2-73/1 
33 Adult 3 18 6 3-00/1 
41 Adult 3 31 12 2-58/1 
49 Adult 3 30 11 2-73/1 
50 Adult 3 28 9 3-11/1 
51 Adult 3 31 ll 2-82/1 
52 Adult 3 30 10 3-00/1 
53 Adult 3 29 10 2-90/1 


Mean F/R ratio—2-72/1 (approx. 3/1). 
by Widths of zones expressed in numbers of divisions of micrometer eye-piece scale. 2.G. zona 
glomerulosa, z.¥F. zona fasciculata, z.R. zona reticularis. 


TaBie 2. Fasciculata/reticularis ratios in sexually inactive male cats 
Widths of zones 
Cat Description 2.G F/R ratio 
> a Castrate 3 32 30 1-07/1 
8 Senescent 3 31 25 1-24/1 
12  Castrate 3 33 33 1-00/1 
14 Castrate 3 30 22 1-36/1 
19 Castrate 3 24 24 1-00/1 
20 Immature 3 18 18 1-00/1 
22 Immature 3 27 27 1-00/1 
38 Immature 3 19 oe 1-06/1 
40 Senescent 3 30 30 1-00/1 
P 42 Castrate 3 32 32 1-00/1 
54 Castrate 3 30 29 1-03/1 


Mean F/R ratio—1-07/1 
Widths of zones expressed in rs of divisions of micrometer eye-piece scale, z.G. zona 
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Tasx 3. Fasciculata/reticularis ratios in sexually quiescent female cats 
Widths of zones 

Cat Description F/R ratio 
5 Anoestrous adult 3 35 12 2-92/1 
11 Immature 3 35 3 11-67/1 
17 Immature 3 32 9 3-56/1 
18 Immature 3 30 7 4-67/1 
21 Anoestrous adult 3 25 12 2-08/1 
26 Anoestrous adult 3 30 18 1-67/1 
27 Anoestrous adult 3 24 12 2-00/1 
29 Anoestrous adult 3 30 12 2-50/1 
32 Anoestrous adult 3 31 12 2-58/1 
34 Immature 3 24 12 2-00/1 
35 Anoestrous adult 3 27 17 1-59/1 
39 Immature 3 28 18 1-56/1 
43 Anoestrous adult 3 30 18 1-67/1 
44 Anoestrous adult 3 29 12 2-42/1 
46 Anoestrous adult 3 31 16 1-94/1 


Widths of zones expressed in numbers of divisions of micrometer eye-piece scale. 2.G. zona 
glomerulosa; z.F. zona fasciculata; z.R. zona reticularis. 


Tasie 4, Fasciculata/reticularis ratios of sexually active female cats 
Widths of zones : 

Cat Description z.G. z.¥. F/R ratio 
30 Pro-oestrous 3 30 21 1-43/1 
31 Pro-oestrous 3 30 21 1-43/1 
45 Oestrous 3 30 27 1-11/1 
6 Early pseudo-pregnant 3 33 27 1-22/1 
47 Early pseudo-pregnant 3 29 26 1-12/1 
28 Pseudo-preguant 3 30 30 1-00/1 
48 Pseudo-pregnant 3 27 26 1-04/1 
36 Pseudo-pregnant 3 33 33 1-00/1 
16 Late pseudo-pregnant 3 21 18 1-17/1 
37 Late pseudo-pregnant 3 24 18 1-33/1 
10 Pregnant 3 28 29 0-97/1 
15 Pregnant 3 28 30 0-93/1 
23 Pregnant 3 27 33. Ct 0-82/1 
55 Pregnant 3 28 30 0-93/1 


Widths of zones expressed in numbers of divisions of micrometer eye-piece scale. z.G. zona 
glomerulosa; z.¥. zona fasciculata; zona reticularis. 


Group 1, of normal male cats, with functional testes, showed an F/R ratio 


of approximately 3/1 (Fig. 1a). 

Group 2, of sexually inactive males, showed an F/R ratio of 1/1. The ratio 
in this second group was the same whether the lack of sexual activity was due 
to immaturity, old age, or to surgical castration (Fig. 15-d). 

Group 3, of sexually quiescent female cats, showed F/R ratios covering 
a wide range of from 11/1 to 2/1, the ratio tending to approach the lower value 
as the animals became more mature (Fig. 2a, b). 

Group 4, consisting of pro-oestrous, oestrous, pregnant and pseudo-pregnant 
cats, showed an F/R ratio of approximately 1/1 (Fig. 2c-f). In this last group, 
the development of the zona reticularis was most marked in the adrenal glands 
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from pregnant cats, where the width of the zona reticularis sometimes even 
slightly exceeded that of the zona fasciculata, and the acidophilia of the 


reticularis was very intense. 


Fig. 1. iiss $o the of She in wale 
(a) normal, (6) immature; (c) senescent, (d) castrated. Reticularis indicated by shading. 


CD) 
mm 
Fig. 2. Line drawings to show the extent of the zona reticularis in adrenal glands of female cats. 
(a) anoestrous adult, (6) immature, (c) pro-oestrous, (d) oestrous, (e) pseudo-pregnant, 
pregnant. Reticularis indicated by 


Cats in which the state of sexual aa was expervmentally altered 
In this group, three preliminary experiments were carried out in which 


. young adult cats were subjected to unilateral adrenalectomy alone, to investi- _ 


gate the possible effects of compensatory hypertrophy of the remaining adrenal 
gland upon the interpretation of results. Two young adult male cats and one 
young adult, anoestrous female cat were used, and it was found that although 
the animals remained in perfectly normal condition, and showed no signs of 
adrenal cortical insufficiency, no appreciable enlargement of the remaining 
adrenal gland had occurred 4 weeks after the operation. The slight enlarge- 
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ment which did take place (in one young male cat) was distributed equally 
throughout the adrenal cortex, so that the F/R ratio for that cat was unaltered. 

Male cats. Three young adult male cats showed on unilateral adrenalectomy 
an F/R ratio of 3/1, typical of the normal, sexually active male. They were 
then castrated (the testes, when examined histologically, showed definite signs 
of active spermatogenesis) and kept for 4 weeks, after which time the animals 
were killed and the’ remaining adrenal glands were examined. In all three 
cases, histological examination revealed an F/R ratio of approximately 1/1 in 
the post-castration adrenal gland (Fig. 3a, 6). Two other young adult male cats 
were subjected to the same procedure, and were, in addition, given daily 
injections of testosterone propionate (1 mg per diem, intramuscularly) during 
the post-operative period. Examination of the remaining adrenal gland after 
four weeks of this treatment revealed that the original F/R ratio of 3/1 had 
been maintained in both cats, in spite of the absence of testicular tissue 
(Fig. 3c, d). 


WON 


K&S 


mm 

Fig. 3. Line drawings to show the effect of castration and castration with injections of testo- 
sterone propionate on the extent of the zona reticularis in the male cat. (a) adrenal gland 
removed at time of castration; (6) remaining adrenal gland, 4 weeks after castration; 
(c) adrenal removed at time of castration; (d) remaining adrenal gland, after 4 weeks of 
testosterone propionate injections. Reticularis indicated by shading. 

Female cats. Stilboestrol dipropionate tablets (25 mg) were implanted into 
the subcutaneous tissue of the flank of two young, sexually quiescent adult 
female cats, and the animals were killed on the fourth and fifth day after 
implantation, some 6 hr after they had first showed signs of oestrus-like 


behaviour. At death, both cats were found to have mature follicles in their . 


ovaries (Fig 4a). In both cases, the F/R ratio was approximately 1/1 (Fig. 4). 
Three more female cats were brought into oestrus in the same way, and were 
kept until the signs of oestrus had abated, the animals being frequently stroked 
and handled during this period, in an effort to induce ovulation. The induced 
oestrous period commenced on the fourth day after implantation in one cat, 
and lasted until the ninth day, while the other two cats showed oestrus-like 
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behaviour from the second to the fifth day and the third to the fifth day. The 
animals were all killed 24 hr after the cessation of oestrus. In all three cases 
fresh corpora lutea were found in one (two cats) or both (one cat) ovaries, and 
the F/R ratio of the adrenal cortex was 1/1 (Fig. 4c, d). The observations upon 


Fig. 4. Line drawings to show the effect of stilboestrol implants on the ovaries and zona reti- 
cularis of the female cat. (a) ovary, 4 days after stilboestrol implantation; (b) adrenal gland, 
4 days after implantation; (c) ovary, 24 hr after cessation of induced oestrus; (d) adrenal 
gland, 24 hr after cessation of induced oestrus. F, follicle; C.L., corpus luteum. Reticularis 
indicated by shading. 


the adrenal cortices of these ten cats in which the cn of sexual activity had 
been experimentally altered were thus well in accord with those observations 
recorded of adrenal glands in normal cats. 


DISCUSSION 


From the observations recorded in this paper it may be onthe that in the 
cat the innermost zone of the adrenal cortex, the zona reticularis, is present 
throughout adult life in both sexes, but that it undergoes structural changes 
which bear a definite relationship to the activity of the gonads. These changes 
may be summarized as follows: in the young, sexually immature cat, the zona 
reticularis shows a much greater degree of development in the male than in the 
female. Shortly before puberty, the zona reticularis of the young male cat equals 
the zona fasciculata in width, while in the female of the same age the reti- 
cularis is still comparatively narrow. At puberty, however, degenerative 


changes take place in this zone, and when sexual function is fully established, 


the zona reticularis in the male cat is found to have decreased to approximately 
half the width reached just before puberty. The reticularis of the young female 
cat, however, continues to increase in extent, until it reaches a steady state of 
development, where it is about as wide as, or slightly wider than, in the 
sexually active male. In the male cat it then undergoes little further structural 
change unless the cat be surgically castrated, or becomes senescent, when in 
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both cases the zona reticularis increases very markedly in extent. In the 
female cat, however, regular cyclical changes take place, which bear a definite 
relationship to the phases of the reproductive cycle. These consist of a marked 
increase in the extent of the zona reticularis during pro-oestrus and oestrus, 
which is continued over into the post-ovulation period of pregnancy or 
pseudo-pregnancy, the peak of development being reached during the luteal 
phase of the cycle. The adrenal cortex of the pregnant or pseudo-pregnant cat 
thus comes to resemble very closely that of the castrate male. This stage of 
development in the female is thought to be due to the presence of active luteal 
tissue in the ovaries, the zona reticularis decreasing in extent and returning to 
its anoestrous condition as the activity of the luteal cells dies down, since some 
of the female cats showing a typical anoestrous F/R ratio of 3/1 or 2/1 
had the remnants of old corpora lutea in their ovaries. An increase in the 
width of the zona reticularis may be produced in the male cat by castration, 
and in the female cat by the ‘artificial’ induction of oestrus and pseudo- 
pregnancy. The widening of the zona reticularis brought about by castration 
in the male cat may be prevented by the administration of testosterone 
propionate. | 

The zona reticularis occupies the same position in the adrenal cortex of the 
cat as does the ‘z-zone’ in the adrenal cortex of the mouse. The zones also show 
identical staining reactions in the two species, and both undergo structural 
changes which are associated with variations in the activity of the gonads. 
It would seem at first sight, then, that there are strong reasons for supposing 
that the ‘z-zone’ and the reticularis are identical. The behaviour of the zone, 
however, is not identical in the two species. According to Deanesly (1928), 
the variable zone in the adrenal cortex of the mouse develops more rapidly in 
the female than in the male. At puberty, the zone undergoes rapid and com- 
plete degeneration in the male mouse, while persisting in the female. If the 
female becomes pregnant, the zone degenerates completely during the first 
half of pregnancy; otherwise it persists throughout the animal’s active sexual 
life, degenerating very slightly at each successive oestrous cycle. Thus a phase 
of sexual activity which leads to the complete disappearance of the variable 
zone in the female mouse is, in the cat, associated with the increased develop- 
ment of this zone. 

It is apparent that, in the female cat, the peak of development of the zona 
Teticularis is associated with the peak in the production of the female hor- 
mones. The most potent hormone in this respect is progesterone, the secretion 
of the active corpus luteum. In the male cat, however, the greatest degree of 
development of this zone is seen when all normal sexual activity is absent. 
It is suggested that in both sexes, the increased development of this zone of the 
adrenal cortex is due to what might be termed the ascendancy of the female 
hormones in the organism as a whole. This state of hormone balance is clear- 
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cut in the case of the female cat, but is somewhat more complicated in the | 
male. It is true, however, that the point in common between the immature 
male and the senescent male is the absence of spermatogenesis, with a conse- 
quent preponderance of Sertoli cells in the seminiferous tubules of the testis. 
There is fairly good clinical evidence that in the dog it is the Sertoli cells which 
are the source of those female steroids which are always present in the male 
(Huggins & Moulder, 1945), and it is thought that this may also be true for 
the cat. If this is so, then it is possible that an over-activity of the Sertoli cells 
could produce a picture in the adrenal cortex of the male cat resembling that 
found in the adrenal cortex of the pregnant female. This state of affairs 
obviously cannot hold good for the castrate male. There is, however, some 
evidence that the kidney, which bears a close phylogenetic relationship to 
both the adrenal cortex and certain cells in the gonads, may produce appre- 
ciable quantities of female-type steroids in the cat, and these steroids may be 
responsible for the increased development of the zona reticularis. This hypo- 
thesis, and the histochemical evidence for it, will be discussed in a later 


per. 

It has been stated by Hill (1930) that the adrenal gland of the cat does not 
show any signs of a zona reticularis during post-natal life. This statement is 
refuted by Davies (1937), who has described the development of an adult 
reticularis from the part of the fasciculata nearest the medulla. In the present 
work, a well-marked zona reticularis has been found to be present in every 
adrenal gland examined. The relationship between the transitory zone in the 
adrenal cortex of the mouse and the zona reticularis in the adult cat is, 
however, by no means clear. If the zones in the two species are indeed analo- 
gous, then the differences in behaviour which have been observed between them 
cannot be explained otherwise than on the grounds of a species difference. 
It has been shown by Davies, however, that the adrenal gland of the cat 
possesses a large, reticularis-like structure in foetal life, which disappears 
completely before birth. A similar zone has been demonstrated in the adrenal 
glands of the larger Felidae by Hill (1937), and both in them and in the 
domestic cat, the changes observed in this region of the gland closely resemble 
those which are well recognized in the adrenal glands of primates. Since the 
transitory zone in the mouse adrenal also eventually undergoes degeneration 
and disappearance (albeit in post-natal life), it is probable that it corresponds 
to the ‘foetal cortex’ in the Felidae and the primates, rather than to the true 
reticularis as seen in the adult cat. 

The simplest interpretation to put upon the observations reported in this 
paper is that the zona reticularis in the adult cat acts as a secondary sex 
organ, responding to the changes in the sexual state of the animal in much 
the same way as, for example, the epithelium of the seminal vesicles. The 
evidence so far available, however, is not sufficient to say whether this is so. 
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SUMMARY 


1. A histological examination has been made of the adrenal glands of 
fifty-five adult cats of both sexes. 

2. Structural variations have been observed in the zona reticularis of the 
adrenal cortex which can be correlated with the sexual state of the animal. 

3. The significance of the observations has been discussed. It is suggested 
that the zona reticularis in the cat may react as a secondary sex organ, _— 


I should like to thank Dr E. N. Willmer for the help and encouragement which he has given me 
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VASODILATATION IN HUMAN SKELETAL MUSCLE 
DURING ADRENALINE INFUSIONS 
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Allen, Barcroft & Edholm (1946) described the effects of adrenaline infusions 
on the blood flow through the muscles of the forearm and calf in normal human 
subjects. The response to 10yg/min infused intravenously consisted of two 
distinct phases; an initial transient increase in the muscle blood flow of 
approximately four times the resting level, and a subsequent sustained dilata- 
tion of about twice the resting flow, which persisted throughout the remainder 
of the infusion, gradually returning to the resting value after the infusion was 
terminated. Allen et al. produced evidence to show that the initial transient 
vasodilatation was due to a direct local action of the adrenaline on the muscle 
vessels and that central vasomotor reflexes were not involved. They left open 
the question of the cause of the sustained dilatation. 

Duff & Swan (1951) further investigated the sustained dilatation during 
adrenaline infusions and they showed that this phase of the response did not 
occur in chronically sympathectomized limbs, nor when the adrenaline was 
infused intra-arterially. They concluded that it was caused by a central release 
of vasomotor tone. 

The present paper describes observations on the response of the muscle 
vessels to adrenaline after acute interruption of the sympathetic control (nerve 
block and section); the results suggest that release of sympathetic tone is not 
the cause of the sustained vasodilatation. 


METHODS 
The normal subjects were colleagues and medical students. The sympathectomized subjects were 
between 17 and 48 years of age and were opereted on for mild Raynaud’s disease or hyperhidrosis. 


The laboratory was t trolled at 21-23° C. 
Blood flow. Blood flow through the forearm was measured by venous occlusion plethysmography, 


according to the technique of Barcroft & Edholm (1943, 1945), a light rubber ‘through-and- 


through’ sleeve being fitted to the forearm. The water in the plethysmographs was maintained 
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at 33-35° C and records of flow were taken every half minute. The flow is expressed as ml. of 
blood per 100 ml. of tissue per minute. | 

The infusion. The intravascular infusions were maintained by means of a mechanically driven 
apparatus (Allen et al. 1946; Duff, 1952), with two interchangeable 50 ml. syringes which enabled 
rapid change-over from one infusion to another. 

After the plethysmographs had been applied to the limbs an infusion of physiological saline 
containing ascorbic acid was commenced into the brachial artery or an antecubital vein as required. 

The intra-arterial needle was connected by polythene or nylon tubing (dead space 0-5 ml.; 
7:5 sec) to the mechanically driven syringe. In the case of the intravenous infusions a short length 
of transparent nylon tubing was inserted through a wide-bore, thin-walled needle into the median 
basilic or cephalic vein at the elbow. The cannula was passed up the vein for a distance of 10-15 cm 
and the needle withdrawn. This technique allowed a plethysmograph on the same forearm to be 
drawn up close to the elbow and, since the cannula extended proximally along the vein to a point 
above the upper edge of the collecting cuff, the infusion was not interrupted during the recording 
of flows. 

During control periods saline containing ascorbic acid 0-001% was infused continuously at 
a rate of 4ml./min. After 10-15 min this was replaced by a solution of L-adrenaline tartrate 
(B.D.H.) so that the minute flow was contained in 4 ml. of ascorbic acid saline. In the presence 
of 0-001% ascorbic acid in saline dilute adrenaline has been shown to remain stable for many 
hours (Gaddum, Peart & Vogt, 1949). The solutions were made up within 2-3 min of infusion. 

Several subjects were given intravenous and intra-arterial infusions of adrenaline solvent which 
contained tartaric acid, sodium metabisulphate, sodium chloride and distilled water according to 
the British Pharmacopoeia formula. This solvent was supplied* by the manufacturers of the 
adrenaline 1:1000 solution used in these experiments, and the pH and the total acidity of the 
solvent were the same as in the adrenaline preparation. Infusion of an amount of the solvent 
equivalent to that carrying 10 »g/min of adrenaline when given intravenously, and 1-2 ug when 
given intra-arterially, did not produce any change in the forearm blood flow. It was therefore 
concluded that any changes in forearm flow during the infusion of solutions of adrenaline in the 
experiments to be described could be attributed solely to the adrenaline. 

The nerve blocks. In those experiments in which the nerves to the forearm and hand were 
blocked, 2-3 ml. of lignocaine (Xylocaine) to which was added adrenaline 1:60,000, was 
injected around the median nerve 1-1} in. above the fold of the elbow; around the radial nerve 
in the musculo-spiral groove; and around the ulnar nerve in the groove between the medial 
epicondyle of the humerus and the olecranon process (Barcroft, Bonnar, Edholm & Effron, 
1943). Block of these nerves produced paralysis of all the muscles of the forearm and hand (with 
the exception of the anconeus, a small muscle and one not included in the segment of the forearm 
under examination). A variable area of the skin of the forearm was often anaesthetized, as the 
blocking of some cutaneous branches was usually unavoidable, but the area so involved was 
generally less than } of the forearm skin, and it has been shown that blocking all the cutaneous 
nerves to the forearm only produces about a 20% increase in the total forearm blood flow 
(Bonnar, 1941). 

The criteria of a successful block were: (a) complete paralysis of hand and wrist movements; 
(6) anaesthesia of the skin of the hand; and (c) doubling of the blood flow in the forearm of the 


blocked side. Three experiments in which all of these requirements were not satisfied were 
discarded. 


RESULTS 
Response of the nerve-blocked forearm to intravenous adrenaline 
The effect of blocking the nerves to the forearm on the response of the musc.e 
vessels to intravenous adrenaline was observed on six subjects. In each of 
these, after a 10-15 min control period during which ascorbic acid saline was 
* Supplied by the courtesy of the British Drug Houses Ltd. 
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infused and blood flow observed, 10g of adrenaline per min were given for 
10 min, and the blood flow in the blocked and the opposite control forearm 
recorded every $ min. When the flows had returned to a steady control level 
after the adrenaline infusion was stopped (usually 10-15 min) a second 
infusion of 10g of adrenaline was given in most cases. The response to this 


. second infusion was always the same as to the first. 


Forearm blood flow mi./100 mi./min 


| Adrenaline 10 ug/min 


Minutes 


Fig. 1. A typical example of the response of the normal and the nerve-blocked forearms to 
intravenous adrenaline. Ordinate: blood flow in ml./100 ml./min; abscissa: time in minutes. 
The dots represent the flow through the nerve-blocked forearm and the circles that through 
the control normal forearm. During the period indicated by the vertical lines adrenaline 
at a rate of 10ug/min was infused intravenously. : 


Fig. 1 shows a typical result on one of the subjects and Fig. 2 shows the 
averaged values of six such infusions, one on each of the six subjects. Flows 
were recorded at 4 min intervals, but since the occluding cuff at the wrist was 
released for 30 sec every 5 min, of necessity there were some observations 
missing (82 out of a total of 576 in the six averaged runs). To a missing observa- 
tion during the base-line period before the adrenaline was infused the average 
value of the other observations during that period was assigned, and to a 
missing observation during or after the infusion a value midway between that 
of adjacent observations was given. 

It can be seen that during the control period the blood flow in the nerve- 
blocked forearm was about double that of the normal side. The pattern of 
response to the infusion of adrenaline was the same on the two sides but 
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occurred at a higher level of flow on the blocked side. There was an initial 
transient large dilatation followed by a smaller sustained increase of flow 
persisting throughout the remainder of the infusion. The absolute sustained 
increase in flow during the infusion of adrenaline was approximately the same 
in the blocked as in the normal control limb (Figs. 1, 2 and 3) although the 
percentage increase was only about one-half as great an the blocked side. Thus 
the sustained dilator effect of adrenaline on the muscle flow is constant in 
degree and is not affected by the level of vasomotor tone. 


Average of six infusions _ 


Saline | Adrenaline 104g/min Saline 


Minutes 


Fig. 2. Averaged results of six infusions (one on each of six subjects) on the normal and nerve- 
blocked forearms. The conventions are the same as in Fig. 1. Each point is the average of 
six observations. 


The pattern after stopping the adrenaline and resuming the ascorbic acid 
saline showed a marked difference on the two sides. The flow in the control 
forearm fell gradually to base-line over a period which varied in individuals 
from 10 to 20 min. In the blocked forearms the flow showed a slight initial 
fall followed by a dilatation as high as, or higher than, that during the latter 
part of the adrenaline infusion, before returning slowly to base-line. 

Fig. 3 shows the averaged results after the respective base-line levels of flow 
have been subtracted and this demonstrates clearly the remarkable similarity 


of the patterns on the two sides during the infusion, and the marked difference 
afterwards. 
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Response of the acutely sympathectomized forearm to intravenous adrenaline _ 
The response of the forearm blood flow to intravenous adrenaline was 
examined in two cases of mild Raynaud’s disease and one case of hyperhidrosis 
both before and after cervical sympathectomy. Fig. 4 shows the results on 
one of the patients suffering from Raynaud’s disease. The lowest curve shows 
the response of the left forearm 2 days before the operation, and it follows the 
normal pattern. The topmost curve represents the response of the same fore- 
arm to the same dose of adrenaline 7 hr after the limb was surgically sympath- 


Adrenaline __Saline | 


Forearm blood flow ml./100 mi./min 


| 


Minutes 
Fig. 3. The average flows in the control and nerve-blocked forearms during and after the six 
adrenaline infusions shown in Fig. 2 after subtraction from each of the respective averaged 
base-line levels. 


ectomized. The resting blood flow was increased about sevenfold but the 
response during the adrenaline infusion was essentially the same as normal 
although it occurred at a higher level of flow; that is, the flow during the latter 
part of the infusion was approximately double that during the resting control 
period. This response is similar to that obtained following acute block of the 
nerves to the forearm. This pattern of response, however, was not maintained, 
and 24 hr after the operation, although the resting level of flow was still five 


times the pre-operative level, the response to adrenaline showed only a rise 


of one-half over the resting level. Four days after the operation the increase 
during the latter part of the infusion was still further reduced, although the 
resting flow was still considerably above the pre-operative level. 

A similar sort of change in the response to adrenaline in the early days 
following sympathectomy is illustrated in Fig. 5 which shows the results on 
another patient who had a cervical sympathectomy performed for mild 
Raynaud’s disease, and Fig. 6 shows the responses before and immediately 
after sympathectomy performed for hyperhidrosis, the vessels of the arm 
being normal. 
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These patients were subsequently tested for completeness of the sympath- 
ectomy by means of reflex heating. There was no increase of flow in the 
sympathectomized limb on immersion of the feet in a water bath at 45° C for 
1 hr in any of the cases. | 


Saline Saline 


Adrenaline 5 g/min 


B.J. 


Forearm blood flow mi./100 ml./min 


Fig. 4, The blood flow in the left forearm of B.J. in response to intravenous adrenaline before and 
after cervical sympathectomy. @, 2 days before operation; A, 7 hr after operation; O, 24 hr 
after operation; x, 4 days after operation. The other conventions are as in Fig. 1. 


-Itis of interest that the blood flow in the acutely sympathectomized forearm 
after the infusion of adrenaline was stopped (Figs. 4, 5 and 6) showed the same 
abnormal pattern of recovery as did that in the nerve-blocked forearms 


(Fig. 2). There was a transient fall followed by an increase in the flow before 
it fell to the resting level. 
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This phenomenon of the recovery period has also been demonstrated in 
chronically sympathectomized patients (Duff & Swan, 1951), both in the fore- _ 
arm and in the calf, and was also seen in a completely denervated limb (Fig. 7). 


_ Forearm blood flow, mi./100 ml./min 


Minutes 


Fig. 5. The blood flow in the right forearm of G.L. in response to intravenous adrenaline before 
and after cervical sympathectomy. @, 2 days before operation; A, 8 hr after operation ; 
O, 24 hr after operation; x, 7 days after operation. The other conventions are as in Fig. 1. 


Intra-arterval infusions 

Twelve intra-arterial infusions of adrenaline were given to five normal 
subjects in doses ranging from 1/10-1/1000g/min for 10 min. In all of these 
an initial transient vasodilatation occurred in the forearm but the flow during 
the latter part of the infusion was either unchanged or only slightly increased. 
Fig. 8 shows three typical examples of the response to intra-arterial adrenaline 
and in Table 1 are shown the results of all the infusions, the average of the 
flows in the last 5 min of the control period being compared with the average 
of the flows during the last 5 min of the infusion. In a few of the experiments, 
after the intra-arterial infusion was stopped a definite ‘after-dilatation’ 
occurred, but in most it was absent or very doubtful. The pattern of response 
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Saline Adrenaline 10 pg/min | 


Forearm blood flow, mi./100 ml./min 
—S- 


w 


Minutes 

Fig. 6. The blood flow in the forearm of 8.P. in response to intravenous adrenaline before and 
after cervical sympathectomy. @, 1 day before operation; A, 4 hr after operation; ©, 20 hr 
after operation. The other conventions are as in Fig. 1, 


Saline | Adrenaline 10 g/min _ Saline 
EC. 


Forearm blood flow, mi./100 ml./min 


Fig. 7. The response to intravenous adrenaline of the forearm flows of E.C. @, left forearm, 
completely denervated following brachial plexus avulsion 18 months previously. ©, right 
normal control forearm. The other conventions are as in Fig. 1. 
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that of the chronically sympathectomized forearm to intravenous adrenaline, 
and this finding agrees with the results of Duff & Swan (1951) with larger doses. 
TaBLE Il, Flow in normal forearms during intra-arterial adrenaline infusions. The average flow 


during the last 5 min‘ of the control period is compared with the average during the last 
5 min of the infusion. Blood flow in ml./100 ml./min. 


Blood flow % increase 
W.R. 1/10 6-8 6-8 0 
HS.B. 1/20 2-2 2-6 +18 
HS.B. 1/40 32 3:2 0 
W.R. 1/40 45 5-8 +29 
W.R 1/50 5-2 4-9 - 6 
A.T. 1/80 6-1 9-0 +50 
A.T, 1/100 6-6 8-7 +32 
T.M.W 1/200 4-1 4-1 0 
T.M.W. 1/400 4-1 46 +12 
J.A. 1/500 71 9-1 +28 
J.A. 1/1000 6-5 6:7 + 3 
10- 
8- 
eg/min 
44 ers 


Forearm blood flow, mi./100 ml./min 
fe 


Adrenaline |.A. | 


0 20 


= 


Minutes 
Fig. 8. The response of the forearm blood flow to intra-arterial adrenaline. Three typical examples 
with different doses. The flow scale is given to the left of each curve and the dose is given to 
_ the right. The abscissa is the time in minutes. 
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DISCUSSION 


The initial transient vasodilatation. This phase of the response of the muscle 
blood-flow to adrenaline is seen in the normal, the nerve-blocked and the 
acutely and the chronically sympathectomized forearms. It is present whether 
the drug is infused intravenously or intra-arterially and it occurs in response 
to a very wide range of doses. The conclusion is therefore reached that the 
initial transient vasodilatation is a consequence of the direct action of the 


adrenaline on the muscle vessels and this view is in agreement with that of 


Allen et al. (1946) and with the results of Duff & Swan (1951). 

The sustained vasodilatation. The finding in the present series of experiments 
that intravenous adrenaline causes a sustained increase in flow in the acutely 
sympathectomized and nerve-blocked forearms as well as in the normal fore- 
arm indicates that the dilatation is not a nervous effect mediated by the 
sympathetic nerves. This conclusion is in direct contrast to that of Duff & 
Swan (1951). They found that no sustained dilatation occurred on intravenous 


infusion in the chronically sympathectomized forearm, and concluded that the 


dilatation depended on a central effect of adrenaline resulting in a release of 
vasomotor tone and required the presence of intact sympathetic nerves. Since, 
however, the dilatation has been shown to occur immediately after sympath- 
ectomy whether by surgical interference or by nerve block, this view would 
appear to be no longer tenable. The differences in the responses of the normal 


and the chronically sympathectomized limbs must be explained in some other 


way. | 

The stage in which there is failure to show a sustained dilatation develops 
rapidly after sympathectomy is performed (Figs. 4, 5 and 6) and may be 
related to the rapid return of intrinsic tone which occurs in the first few days 
after operation (Barcroft & Walker, 1949; Duff, 1951). It may also be 
associated with the development of an increase in sensitivity of the muscle 
vessels to the constrictor action of adrenaline. Duff (1952) has shown that the 
vessels of the hand are more sensitive to adrenaline following sympathectomy 
than they are before operation. None of his cases was tested earlier than 
6 days after operation, and it is not known when this sensitivity first develops. 
The sensitivity of the vessels of the nerve-blocked hand was examined in two 
subjects of the present series and it was found that it did not differ from the 
normal, which suggests that the increased sensitivity of the chronically 
sympathectomized vessels is not a direct consequence of the release of 
sympathetic control, but appears with the development of the chronic state. 

That the sustained dilatation is not a nervous effect has just been shown. 
That it is not the effect of the direct action of adrenaline on the vessels was 
demonstrated by Duff & Swan (1951) who showed that doses of 4 g/min given 
intra-arterially in the forearm did not result in any sustained increase in flow. 
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It was considered possible that the doses used by these workers might have 
been somewhat greater than the amount arriving in the forearm during the 
infusion of 10~g/min intravenously. It was calculated that with a resting 
blood flow of 5 ml./100 ml./min, a forearm volume of 1000 ml., and a cardiac 
output of 5000 ml./min, an intra-arterial dose of 0-1 g/min was equivalent to 
10g/min intravenously, and this is assuming that none of the intravenous 
adrenaline is destroyed before reaching the forearm. The effects of intra- 
arterial infusions of small doses were therefore examined and it was found that 
doses between 0-1 and 0:01 g/min produced an initial transient vasodilatation 
in the forearm approximately equal to that of 10ug/min intravenously, but 
even doses as small as 0-001 g/min (1 myg/min) produced distinct, though 
small, transient dilatations. None of these doses, however, produced a sustained 
vasodilatation in any way comparable to that of an intravenous infusion, the 
flow during the latter part of the intra-arterial infusion being little different 
from the control level (Table 1). 

Since the sustained effect of adrenaline on the muscle blood flow is neither 
a direct one nor a central one mediated by the sympathetic nerves it would 
appear reasonable to seek for some humoral explanation of its action. It is 
possible that when adrenaline is administered intravenously it may become 
modified in some way during its circulation through the body, or that it may 
release some other dilator substance from an internal organ or endocrine gland. 
Such a change or release would not occur when it is infused intra-arterially, 
and could result in a difference in effect between the two methods of infusion. 
Staub (1946) found an increase in the level of plasma histamine during intra- 
venous infusions of 20 .g/min of adrenaline and suggested that the circulating 
histamine might account for some of the effects of adrenaline. If this hista- 
mine were released from some organ other than the tissues of the forearm, and 
were responsible for muscle dilatation, then its release might account for the 
difference between the responses to intravenous and intra-arterial adrenaline. 
Mongar & Whelan (1952, unpublished), however, were unable to confirm the 
observations of Staub and could not detect any increase in the level of the 
plasma histamine with infusions of adrenaline whether intravenous or 
intra-arterial, 

Adrenaline has been shown to stimulate the release of adrenocorticotrophic 
hormone and of thyrotropin from the anterior pituitary (Long, 1947; 
McDermott, Fry, Brobeck & Long, 1950) and may well have a direct action 
on the thyroid gland. Further work is necessary to determine whether such 
endocrine secretions can be held responsible for changes in muscle flow and 
metabolism. 

It was thought possible that some, if not all, of the muscle dilatation might 
be accounted for by a change in the blood chemistry produced by the hyper- 
pnoea which is present during adrenaline infusions by the intravenous route 


A 


586 R. F. WHELAN 


and that this effect was obscured in the chronic sympathectomy by hyper- 
- sensitivity. However, it has been found (Dornhorst & Whelan, 1952, un- 
published) that the increase in flow produced by the adrenaline = 
contributes little, if anything, to the sustained dilatation. 

The ‘ after-vasodilatation’. The phase of dilatation which occurs in the nerve- 
blocked forearm after an adrenaline infusion is stopped is also seen in the 
sympathectomized limb whether acute or chronic. It is not seen in the normal, 
and it appears to be a consequence of the removal of sympathetic control, and 
is not dependent upon the development of the chronic state. It corresponds 
in time with the flushing of the face and with the similar ‘after-dilatation’ in 
the normal hand described by Swan (1951), which, however, did not occur in the 
sympathectomized subject, and the mechanisms of the two phenomena must 
be quite different. Since the absence of the after-dilatation depends on the 
intact sympathetic nerves it would appear that the sympathetic normally 
controls the return of the forearm flow to base-line level by a constrictor action 
which is abolished when the nerves are cut or blocked. The transient accelera- 
tion of the heart which usually occurs at the same time may also be a result 
of this sympathetic activity on cessation of the adrenaline infusion. Only 
infrequently was any after-vasodilatation seen with intra-arterial adrenaline. 

It is apparent from a consideration of the three phases of the response which 
have been described that the reaction of the muscle blood flow to circulating 
adrenaline is a complex one and appears to have several components, the 
pattern of the response being built up from a combination of direct action on 
the muscle vessels, reflex sympathetic activity and possibly a — 
hormone release aia one or more of the ne glands. 


SUMMARY 


1. Intravenous infusions of adrenaline cause an initial forearm vasodilata- 
tion followed by a sustained increase of flow. 

2. This response is found in nerve-blocked and acutely sympathectomized 
as well as in normal forearms. It isnot seen in the chronically sympath- 
ectomized or chronically denervated forearm. 

3. Intra-arterial infusions of adrenaline over a wide range of doses produce 
an initial vasodilatation but no sustained increase in flow. 

4. The sustained increase in flow with intravenous infusions is not a direct 
action of the adrenaline on the muscle vessels nor is it a nervous reflex effect. 
This conclusion is contrary to that of other workers and possible explanations 
for the difference are discussed. 

5. An ‘after-dilatation’ occurs in nerve-blocked, sympathectomized and 
denervated forearms after the adrenaline infusion ceases. The cause of this 
phenomenon is not known. 
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PLASMA ADRENALINE AND RELEASE OF ACTH 
IN NORMAL AND DEMEDULLATED RATS 


By MARTHE VOGT 
From the Department of Pharmacology, University of Edinburgh 
(Received 11 August 1952) 


In a previous paper it was shown (Vogt, 1951) that, in rats, emotion causes 

some release of ACTH (as revealed by ascorbic acid depletion in the adrenals), 
even if secretion from the adrenal medulla is prevented by adrenal demedulla- 
tion. The present experiments were carried out in order to test, first, whether 
circulating extramedullary adrenaline might be responsible for this pheno- 
menon. This was done by searching for adrenaline in the blood of demedullated 
rats subjected to stimuli which cause a large secretion from the normal adrenal 
medulla. Secondly, when no adrenaline was found, the speed with which 
_ signs of release of ACTH could be demonstrated was determined in demedul- 
lated rats. This was of some interest in view of the suggestion by McDermott, 
Fry, Brobeck & Long (1950) that the secretion of ACTH in response to stress 
was rapid only when the initial phase, at least, of the stimulation of the 
anterior lobe was due to circulating adrenaline. 
_ The fact that the adrenal medulla secretes noradrenaline besides adrenaline 
does not concern us in this work for two reasons: in the rat, the percentage of 
noradrenaline is only a small fraction of the total amines; furthermore, the 
action of noradrenaline on the anterior lobe is much weaker than that of 
adrenaline (Nasmyth, 1949; Jarrett, 1951). 


METHODS 
Male albino rats weighing 150-335 g were used. 

Adrenal demedullation. Each adrenal was exposed by the lumbar approach, lifted out of the 
wound, slit, the halves of the gland detached from the capsule, removed, and the capsule allowed 
to slip back into position. Regeneration takes place from capsular tissue and fragments of cortex 
attached to it. 

In some control rats this operation was done unilaterally and adrenalectomy performed on the 
other side; in the remaining control animals and in all rats subjected to experimental procedures 
demedullation was bilateral: there was little difference in the total cortical tissue regenerated or in 
the adrenal ascorbic acid concentrations whether one or two demedullated glands were present. 
The interval between demedullation and experiment varied between 33 and 56 days. Shorter 
periods are undesirable since incomplete adrenal regeneration leads to low ascorbic acid values 
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even in the absence of stress. Glands which had not attained at least a weight of 6 mg at the time 
of the experiment were not used. Most glands weighed between 10 and 20 mg. 

Collection of blood samples and assays of adrenaline. Rats were rapidly anaesthetized with ether 
and their right carotids exposed. A fine polythene cannula was tied into the carotid artery, the 
cannula being connected to a syringe containing 150 u. heparin in 0-1 ml. saline. The heparin was 
_ injected intra-arterially and the animal immediately bled from the cannula into a cooled centri- 
fuge tube. Bleeding lasted about 2 min and yielded enough blood to supply 3~4 ml. of plasma. 
The blood was centrifuged without delay, the plasma extracted with acid alcohol, and the extract 
purified and chromatographed on paper. The paper strip containing the adrenaline was eluted, the 
eluate brought to dryness and taken up in a volume of water corresponding to one-fifth of that of 
the plasma. These final extracts were assayed on the rat’s uterus. Details of all procedures, of the 
precautions necessary and of the results of recovery experiments, are given in a previous paper 
(Vogt, 19524). The extraction process entails some losses (about 25 %), but these should affect all 
samples in a similar manner. The threshold of the method varied with the individual strip of 
uterus. The highest value was 0-5 myg/ml. plasma, and one-half to one-quarter of that amount 
was detectable in favourable circumstances. 

In order to create conditions which would favour the secretion of adrenaline while the rats were 
being bled under ether, the right brachial plexus was exposed, cut, and its central end stimulated 
by faradic current with platinum electrodes while bleeding proceeded. 

Injection of drugs. Adrenaline injections were made into the musculature of the thigh either 
once or four times at intervals of 15 min at two dose levels: 1 and 2 ug/100 g body weight. When 
four injections were given the rats were bled under ether (as described above) 1 hr after the first 
injection. 

p-Tetrahyd hthylamine carbonate was dissolved in a little excess of HC1, the solution 
neutralized with NaHCO, and 6 mg/100 g body weight injected subcutaneously. 

Ascorbic acid estimations. The method of Roe & Kuether (1943) was used. 


RESULTS 
Plasma adrenaline 


When a slight emotional stimulus, such as follows the introduction of a rectal 
thermometer, is applied t to rats unaccustomed to this procedure and lacking 
an adrenal medulla, there is a release of ACTH which, though smaller than in 
normal rats, is nevertheless significant. 

In explaining this observation, the possibility that adrenaline might be 
released from chromaffine tissue outside the adrenal medulla was tested in the 
following way. Plasma adrenaline estimations were made in demedullated rats 
under conditions calling for a maximal release of adrenaline in the normal rat; 
if no adrenaline (threshold of the test 0-5 myug/ml. plasma) could be found 
in the circulating blood, the concentration resulting from the milder stimulus 
of rectal: temperature measurement could be inferred to be lower still. The 
procedure chosen to stimulate the release of adrenaline was anaesthesia with 
ether, rapid exposure of the right carotid and brachial plexus and electrical 
stimulation of the central end of the brachial plexus while the animal was 
being bled to death from the cannulated carotid artery. The whole operation 
from the moment the rat was placed in the ether chamber till the blood had 
been collected took between 8} and 12 min. In these circumstances, adrenaline 
was invariably found in arterial plasma from intact rats, the concentration 
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varying from 1 to 6 myg/ml. (Table 1). No adrenaline, however, was detectable 
in any of twelve demedullated rats subjected to the same treatment, the 
threshold of the assay being 0-5 myg/ml. in this experiment. The two groups 
of rats, however, showed the same (relative) depletion of their adrenal ascorbic 
acid, indicating that, in both instances, ACTH ‘had been released by the 
operation. In order to find out whether a plasma adrenaline of less than 
0:5 myug/ml. was capable of releasing ACTH, particularly in demedullated rats 
which might be more sensitive to adrenaline than normal rats, it was necessary 


Tape 1. Plasma adrenaline and adrenal ascorbic acid in adult male rats. Animals with 
normal or demedullated adrenals subjected to various treatments 


Adrenal ascorbic acid 
Normal Time mg/100 g fresh As Duration 
(N) or since Plasma tissue (mean : tage of 
demedul- operation adrenaline and 8.£. of untreated ‘stress’ 
‘Treatment lated (D) (days) (mpg/ml. mean) controls (min) 
None N 509+15-6 (6) 
D 36-56 — 358+ 17-0 (19) — pare 
Operation* (ether) N 23(5)t 8-5-12 
N — 359+ 6-0 (12)t 71 8-5-12 
D 36-56 <0-5 (12) 247411-8 (10) 69 9-5-12 
4 x 1g adrenaline D- _ 0-2 (1 289 (1 
4 x 2g adrenaline D 36-56 1-0 (1 233 (1 | 
im, 162 Mean 55 60 
None 33 319+ 22-8 (5) 
adrenaline D 33 2:1(4) 204+161(5) 92 8-14 
Number of rats in brackets. 


* The operation consisted in cannulating the right carotid artery and stimulating the brachial 
plexus while bleeding from the cannula. | 

+ Female rats; range 1-6 myg/ml. 

t Six rats of that group were not bled (see text). 


to estimate the plasma concentrations of (exogenous) adrenaline required to 
_ produce a fall in adrenal ascorbic acid. This was done in the following way. 
In a preliminary experiment, demedullated rats were injected intramuscularly 
with adrenaline at two dose levels, 1 and 2ug/100 g body weight, four times 
at intervals of 15 min, The rats were then given ether, the carotid artery 
cannulated and bleeding started between 5 and 7 min after the last injection. 
The animals given the lower dose showed a very slight fall in ascorbic acid 
(Table 1), which might well have been due entirely to the anaesthesia and 
arterial cannulation. The higher dose, however, caused ‘a considerable fall 
(to 55 %) which had essentially to be attributed to the adrenaline injections. 
_ Plasma adrenaline concentrations were 0-2 and 0-5 myug/ml. on the low, 

1 and 2 myg/ml. on the high dose of adrenaline (Table 1). Thus in all four 
rats, including those in which the dose of adrenaline was insufficient to produce 
a significant depletion of ascorbic acid, circulating adrenaline was found in the 
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arterial blood. The conditions of these experiments were, however, not 
strictly comparable with those in which operative stress had been applied, 
since 1 hr was allowed for a measurable decrease in ascorbic acid to develop. 
In a group of five rats, therefore, the higher dose of adrenaline, now known to 
be both easily detected in the blood and effective in depleting ascorbic acid, 
was injected once instead of four times. One minute after the injection, the 
rats were anaesthetized with ether and bled from the carotid as before, the 
whole procedure from the moment of the injection lasting between 8 and 
14 min. The blood was analysed for adrenaline, the adrenals for ascorbic acid. 
Since the interval between demedullation and experiment was shorter in these 
rats than in the previous group, a condition which tends to produce a smaller 
initial concentration of ascorbic acid, five rats which had been operated on the 
same day were killed without any manipulation and served as controls for the 
ascorbic acid. The level of adrenaline found in the blood of four of the injected 
rats (the fifth sample was lost) ranged from 1 to 4-5 myg/ml., whereas no | 
evidence was found for a release of ACTH, since the recorded fall of adrenal 
ascorbic acid of 8 % was not significant (Table 1, last two rows). This result is 
in striking contrast with the fall in ascorbic acid of 31 % produced by stimula- 
tion of the brachial plexus. The failure to obtain a fall in ascorbic acid by 
adrenaline cannot be explained on the grounds that the ascorbic acid con- 
centration was already low owing to the shorter post-operative interval, since 
in fact the concentration of ascorbic acid in these injected rats was 294 mg, 
a figure which is significantly (P<0-05) higher than that of 247 mg of the 
group subjected to operative stress. Hence, a subthreshold concentration of 
circulating adrenaline is not responsible for the fall in adrenal ascorbic acid 
resulting from stress in demedullated rats, because the methods here em- 
ployed detect concentrations of adrenaline which are barely able to lower the 
adrenal ascorbic acid in the short time in which operative stress lowers it 
appreciably. 
Speed of releaseof ACTH 
When. these experiments were started, it was expected that, as suggested 
by McDermott e¢ al. (1950), demedullated rats might release ACTH at a slower 
speed than normal rats, provided the stimulus employed caused the normal 
rat to secrete adrenaline. This was tested by examining whether demedullated 
rats would fail to respond by a fall in adrenal ascorbic acid to the brief stress 
used above for raising the concentration of plasma adrenaline. Table 1 shows 
that this is not so, and that the speed as well as the degree. of the response were 
unaltered by depriving the rats of their adrenal medulla. Thus rapid release of 
ACTH cannot always be attributed to stimulation of the pituitary by adrena- 
line. The same conclusion was recently reached by Hodges (1952) who used 
unilateral adrenalectomy as operative stress. 
When a similar comparison was made (Vogt, 1952), using B-tetrahydro- 
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naphthylamine (B-Tetra), a drug which is a potent stimulant of the adrenal 


medulla, but produces its clinical signs slowly, the release of ACTH was slow 
both in the normal and in the demedullated rats. One hour after the injection 
of 6 mg/kg body weight, the effect on the adrenal ascorbic acid content was 
found to be very slight in both groups, and it required a period of 2 hr before 
the full effect was seen, whether or no the adrenals had been demedullated. 
It was obviously not the secretion from the adrenal medulla which determined 
the speed of the response. | 

Finally, in analysing the factors which are responsible for the speed of the 
release of ACTH, the following observation is of some interest. The rats which, 
as described earlier, were rapidly bled under ether, were in fact subjected to 
three procedures, each of which is known to release adrenaline and ACTH: ether 
administration, haemorrhage, and the stimulation of afferent nerves both 
during the dissection and during the faradic stimulation of the brachial plexus. 


Taste 2, Adrenal ascorbic acid (mg/100 g fresh gland) of normal rats 
submitted to a short operation under ether 


Mean and No. of 
8.B. of mean Range rats 
Bled 353 + 10-0 332-363 6 
Not bled 3654 7:7 337-395 6 
Controls 509 + 15°6 437-537 6 


In order to determine whether the haemorrhage, which took place only during 
the last 2 min of the procedure, played a part in the release of ACTH under 
these conditions, six of the group of twelve normal males used were submitted 
to the full procedure as outlined above, whereas in the remaining six the 
bleeding was omitted. The difference in fall of adrenal ascorbic acid between 
the two groups was negligible (see Table 2), so that in these experiments only 


the ether and the afferent stimuli need be considered instrumental in the 
release of ACTH. 


DISCUSSION 

In trying to explain the residual release of ACTH produced by emotion in the 
rat deprived of its adrenal medulla, the possibility had been considered that 
extramedullary adrenaline might be liberated as a result of the emotional 
stimulus. The present experiments demonstrate that the blood of such animals 
does not contain concentrations of adrenaline sufficient to act on the anterior 
pituitary and that, therefore, the residual effect of emotion has to be attributed 
to another cause, almost certainly to stimulation of the central nervous system. 
De Groot & Harris (1950) have shown that, in the rabbit, the hypothalamus 
contains centres, the electrical stimulation of which releases ACTH, and 
a similar structure also exists in the rat (Porter, 1952). 

The experiments further show that the release of ACTH need not be slow in 
rats lacking an adrenal medulla. The operative procedure under ether out- 
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lined above needs no more than approximately 10 min to produce the same 
percentage fall of adrenal ascorbic acid in both demedullated and normal rats. 
It was shown that the haemorrhage played no decisive part in this rapid 
response. Though metabolic changes produced by the ether and the handling 
of the tissues cannot be excluded as contributors to this speedy outpouring of — 
ACTH, it seems more probable that it was caused by the afferent nervous 
impulses due to the dissection and to the electrical stimulation of the brachial 
plexus. In contrast to this, with a drug which attains the peak of its action 
only slowly like 8-Tetra, it takes 2 hr for a significant pituitary response to 
develop, whether the animal bears an adrenal medulla or not. Thus the speed 
of the response to this drug appears to be connected with the time required for 
the metabolic effects to take place rather than with its action as a stimulant of 
the adrenal medulla. 

McDermott e¢ al. (1950) suggested that the secretion of ACTH may be 
elicited either by adrenaline, in which case the response is rapid, or by 
metabolic changes, in which case it is slow. This theory might easily be 
modified to include the above observations if we add to adrenaline ‘stimula- 
tion of the central nervous system’ as a second rapid mechanism for the 
release of ACTH. 

SUMMARY 

1. In rats submitted to a brief operative procedure under ether involving 
the stimulation of afferent nerves, the arterial plasma contains between 1 and 
6 mug adrenaline per ml. 

2. No adrenaline (<0-5 myg/ml.) was found in the plasma of similarly | 
treated demedullated rats. 

3. Intramuscular injections of adrenaline into demedullated rats in amounts 
hardly sufficient to cause a fall in adrenal ascorbic acid produce concentrations 
of adrenaline in arterial plasma which can be estimated with the methods 
employed. 

4. The secretion of extramedullary adrenaline does not account for the fall 
in adrenal ascorbic acid observed in demedullated rats subjected to an 
emotional stimulus or to a rapid operation under ether. 

5. Even in the absence of the adrenal medulla the speed of release of ACTH 
can be so fast that a significant fall in adrenal ascorbic acid occurs within 
approximately 10 min. It is suggested that this rapid effect is observed when 
the stimuli applied act directly on the central nervous system. 


My thanks are due to the Medical Research Council for their help in defraying the expenses of 
this work. I am greatly indebted to Mrs 8. K. Pride for her excellent assistance. 
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Ganglion cells in the adrenal medulla. By T. P. O’Hza. Institute of 
Physwology, University of Glasgow 
It has been shown by Young (1933) that the chromaffin tissue which repre- 


sents the adrenal medulla in dogfish contains many ganglion cells whose 
processes end among the chromaffin cells. 


Rat adrenal. Bielschowsky-Gros silver diammine ion method. A group of ganglion cells 
lying in the centre of the field. The nerve fibres are stained black. 


There is general agreement that occasional ganglion cells may be found in 
the adrenal medulla, though Carleton & Leach (1949) state that they are not 
present. Hollinshead (1936), reporting on serial sections of the cat adrenal, 
states that in some cases no ganglion cells were found, but in others there was 


a total of one to sixteen cells. 
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Young (1939) and Hollinshead (1936) have shown that the nerve supply 
to the cat’s adrenal medulla is largely composed of preganglionic fibres. The 
fibres supplying the blood vessels of the gland are post-ganglionic and arise 
from sympathetic ganglion cells lying outside the gland. Young (1939) leaves 
open the question of the innervation of the adrenal medulla in those mammals 
_ which have more numerous intramedullary ganglion cells. 

Examination of the rat (Hooded Wistar) adrenal reveals the presence of 
very numerous ganglion cells in the medulla. In a typical section these cells 
tend to be situated at the periphery of the medulla where they occur in 
groups; more than twenty cells have been found in some groups and up to 
four groups of cells have been seen in one section. In some cases the nerve 
fibres entering from the cortex appear to divide and enclose the cells. The 
destination of the ganglion cell processes has not so far been ascertained. The 
cells are very similar to the ganglion cells which are found just outside the 
adrenal gland. Satellite cells are present, but pigment has not been identified 
in the cytoplasm of the’ ganglion cells. These intramedullary ganglion cells 
are considered to belong to the autonomic system. 

Ganglion cells do occur in the human adrenal. They are found scattered 
throughout the medulla usually singly, and occasionally in small groups. They 
are closely associated with small nerve bundles. 

The function of these intramedullary cells in the rat has not been estab- 
lished. If they are motor cells of the autonomic system sending processes to 
the chromaffin cells, the innervation would be largely post-ganglionic in con- 
trast to the preganglionic innervation described in other mammals. Alterna- 
tively no species difference need be invoked should these cells be considered 
to have a secreto-inhibitory function. 

The relationship of the ganglion cells to the function of the chromaffin cells 
may be an indirect one, the direct effect being on the vascular bed. Since the 
adrenal vein in rats has no longitudinal muscle bundles a vascular control 
mechanism might conceivably be mediated through ganglion cell processes 
passing to the arteriae medullae. 

A third possibility is that these cells are involved in a reflex mechanism for 
local control of chromaffin cell function in the rat adrenal medulla. 
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The perfusionof the frog sciatic nerve with electrolyte solutions. 
By K. Krnsgevic. Physiology Department, University of Edinburgh 


This is an attempt to throw new light on the importance of the frog sciatic 
nerve sheath (epineurium) as a barrier to the passage of electrolytes. Feng & 
Liu (1949) have shown that if the epineurium is removed, conduction in 
a Na-free solution stops in 30 min, and Huxley & Stampfli (1951) have found ~ 
that an isolated single frog sciatic nerve fibre becomes inexcitable within 1 sec 
following the application of a Na-free solution. However, Lorente de Né 
(1950, 1952) has claimed that removing the sheath disturbs the normal 
osmotic balance within the nerve; this, he maintains, alters the properties of 
the nerve fibres. Perfusion was tried as a means of introducing a Na-free 
solution into a nerve, within the epineurium, without injuring the fibres. 

A cannula is tied into the descending aorta of a frog (Rana temporaria) and 
one of the common iliac arteries ligated. The corresponding sciatic nerve with 
its two terminal branches is excised and mounted in a conventional nerve bath. 
This has silver recording and stimulating electrodes, and a middle compart- 
ment, with a capacity of 7 ml., which can be filled with solutions, and emptied, 
rapidly. About 3cm of the nerve lie within this compartment. This nerve 
acts as a symmetrical, non-perfused control. 

The pelvis of the frog, with one limb attached, and the aortic cannula are 
placed in a moist chamber, with silver stimulating and recording electrodes. 
The sciatic nerve is stimulated maximally at the roots (1/sec), and the action 
potentials recorded from one of the branches below the knee. The perfusate 
is run into the cannula from bottles fixed some 40cm above the chamber. 
It has been made up with de-ionized dextran (Dextran Ltd.) (Na content less 
than 0-1 mm) or with 49% commercial gelatin (Na content 0-35 mm), and the 
usual amounts of Ca (1 mm) and K (2:5 mm). Na estimations were done by the 
uranyl zinc method. The pH is controlled with K buffers and B.D.H. indicators. 
The flow rate is recorded continually by means of a drop counter registering 
drops of perfusate as they leave the moist chamber. 

By this method it has been found that complete conduction block can be 
produced in a frog sciatic nerve by a Na-free solution (with choline chloride, 
glucose or sucrose as the Na substitute) within 6-7 min (both with dextran 
and gelatin perfusates). Perfusion with a normal dextran or gelatin Ringer 
first re-establishes conduction within some 5-15 sec. The apparent discrepancy 
is probably explained by the findings of Huxley & Staémpfli (1951) which 
suggest that the Na concentration must decrease to about 10 % of normal to 
produce inexcitability. 

Perfusion with 0-12 m-KCl blocks conduction within 1} min as was found 
by Lundberg (1951) in a similar experiment. 
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Animproved Mariotte constant pressure device. By I. D. Fzrauson 
and R. ©. Garry. Institute of Physiology, University of Glasgow 


The Mariotte flask is conveniently used to obtain a constant head of pressure. 
It is possibly not generally realized that the central air inlet tube is not only 
not necessary but also an actual disadvantage. This is especially so if it is 
desired to measure accurately the volume of fluid leaving a standard cali- 
brated burette under constant pressure. : 


To preparation To 
Fig. 1. Constant pressure device applied to a burette and to an aspirator bottle. 
A, air inlet port; level from which constant pressure is measured. 


a 


All that is required is a stoppered fluid reservoir (burette or bottle) with 
two orifices below the level of the surface of the fluid and as near to the 
bottom as possible. Fluid is delivered from the lower opening and air enters 
by the upper orifice. The device applied to a burette and to an aspirator 
bottle is shown in Fig. 1. The pressure at which fluid is delivered remains as 
constant as in the conventional Mariotte flask, being determined in this case 
by the height of the air inlet port, A, above the preparation. A convenient 
internal bore for the inlet port is 3-4 mm. Standard burettes for filling from 
below usually have a side limb of suitable bore. If rapid delivery of fluid is 


: 
Stopper 
Stopper 
+ 
== 
=-30 
w 
—— 
=> —— 
$0 
—— 
=F 
3 
A 
— 
= & 
= — 
—J 
7 
J 
54 
: 
4 
a 
2 


SOCIETY, 4-5 JULY 1952 5P 


desired burett it may be necessary to out off the termina 
portion of the tip. 

During filling and refilling, the air entry port, A, is closed temporarily by 
the finger or by a clip on a short length of rubber tubing, while the stopper is 
removed. Once the stopper is replaced the air entry port should be reopened 
go that a small quantity of fluid may be ejected through the air entry port. 

The present simple device, then, has the following advantages over the 
usual type of Mariotte flask: (1) The volume of fluid delivered can be directly 
measured on a burette with standard calibration if an air entry port is blown 
below the lowest graduation. (2) One is not humbugged, when filling or 
refilling, by a pressure initially in excess of the constant head desired for the 

- perfusion or infusion. (3) On refilling there is no variation in pressure due to 
| failure to re-insert a stopper and central tube, as in the Mariotte flask, to 
exactly the previous level. 


A method of determining the conduction velocities of single 
afferent units. By A. 8. Parra. 


A demonstration of a-rhythm for teaching purposes—the ad- 
vantages of using a tuned choke. By E. G. Watsu 


Some applications of Koelle’s method for the histochemical demon- 
_ stration of cholinesterase. wis CaTHERINE Hess, A. B. Swan and 
EK. G. 


The projection of the retina on the superior colliculus. By F. A. 
Hampi and D. WHITTERIDGE 


A class demonstration of vestibulo-ocular eaieeee- By D. 
WHITTERIDGE 


Electrical condenser manometer and myograph for recording low 
pressures and tensions. By H. D. Gairrirs, H. W. Koster.itz 
and V. W. Piri 


Anatomical and physiological studies of the olive in the cat. By 
J. BorraGcan, R. Cott and D. WHITTERIDGE 
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Nature of ventricular flutter induced by amarin and adrenaline. 
By F. N. Faster and F. H. Sumex. (Film) 


Inherited neurological disorders in mice. By D. Fatconer. (Film) 


Excess carbon dioxide and morning urine. By D. Loneson and — 


J. N. Muus. Department of Physiology, University of Manchester 


Morning alkaluria with rise in potassium and sodium output is most readily 
explained as due to reduction of alveolar carbon dioxide tension, since mild 
over-breathing results in a large output of sodium and potassium in an alkaline 


in 6% 
Hours 


Fig. 1. Renal output of potassium and acid, and alveolar carbon dioxide tension, on a control day 
and on a day when subject spent 3 hr in 6% carbon dioxide. 


urine. A raised morning alveolar carbon dioxide tension, produced by an 
atmosphere of 6% carbon dioxide, does not, however, reduce the renal output 
of potassium and sodium to the night values, nor even prevent the normal 
morning rise. The inverse relationship between renal output of total acid (acid 
phosphate + NH,—HCO,) and potassium (Berliner, sas & Orloff, 1951; 
Mills & Stanbury, unpublished) still holds. 

Respiratory acidosis is thus apparently uncompensated by the kidney, in 
striking contrast to the renal response to respiratory alkalosis; and the low 
night cation output cannot be wholly ascribable to respiratory depression. 
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The action of cortisone in the anaphylactic shock of the guinea- 
pig. By H. Herxuemmer and L. Rosa. Surgical Unit, University College 
Hospital Medical School, London, W.C. 1 


Guinea-pigs were sensitized to egg albumin by injection. Later, they were 
shocked by the microshock method (Herxheimer, 1952) and the preconvulsion 
times were estimated. In a preliminary series the finding of Landau, Nelson & 
Gay (1950) and Arbesman, Neter & Bertram (1951) was confirmed, that 
a single injection of cortisone given before the shock did not influence it. In 
another series thirty-eight guinea-pigs were divided into groups. Some re- 
ceived cortisone or ACTH during the whole 21-day period of sensitization. 
Others received it from 2 days before sensitization, either for the whole 
period or for 4, 8, 12 or 17 days only. One group received cortisone for 4 days. 
before the shock. There were twelve control animals. 

In all control animals and in those which received cortisone for only a part 
of the sensitization period the preconvulsion time was normal or little pro- 
longed. Of the eight animals which received the substance during the whole 
21-day period of sensitization five showed a prolonged preconvulsion time. The 
other three were normal. As the number of animals in this group was small, 
this result was regarded as equivocal, and a third series was started. There 
were seventeen animals in the cortisone group and seven controls. In fifteen 
of the seventeen cortisone animals there was a significant increase of the pre- 
convulsion time, whereas all the controls had normal times. The average pre- 
convulsion time in the controls was 108 sec, that in the cortisone group 
298 sec. Within 1-2 weeks after omission of the cortisone the preconvulsion 
times of all cortisone animals shortened and became normal in many cases. 

A prolonged preconvulsion time indicates a reduced sensitivity of the 
animals, and reduced sensitivity may be due to a smaller amount of antibody 
being present. If this is correct, it can be concluded that cortisone reduces 
the formation of antibody but does not inhibit it. 
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The anticoagulant effect of different iron preparations. By 
J. A. Nissim. Department of Pharmacology, Guy's Hospital Medical School 


When lethal doses of saccharated iron oxide containing, e.g., 400 mg Fe/kg, are 
given intravenously to rabbits, mice, rats and guinea-pigs, haemorrhagic 
lesions are invariably seen in the lungs and often in the viscera and skeletal 
muscle. The haemorrhages are associated with emboli of precipitated iron, the 
massive precipitation affording adequate explanation for this phenomenon. 
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- When other iron preparations were studied, extensive haemorrhages were 
noted in the lungs after smaller doses, viz. 20-40 mg Fe/kg. The extent of 
these haemorrhages, e.g. after ferric glucosate and ‘ferrous chloride ascorbate’ 
was greater than could be accounted for by iron precipitation alone. With still 
other preparations such as ‘ferric hydroxide ferrous ascorbate’ and ferric 
ammonium citrate, haemorrhages were present in the absence of precipitation. 
Coagulation tests were therefore carried out on 1-0 ml. samples of rabbit blood 
added to 0-32 ml. of serial dilutions (2-0-004% Fe) of the different prepara- 


tions, and the clotting time noted. A control experiment was carried out with 


heparin. 
TaBLz 1, Anticoagulant activity of some iron preparations compared with that of heparin. 
Clotting time in minutes 

‘Cok of Ferric 

Fe or Sacch. Ferric _ Ferric hyd. Ferrous 
iron Colloidal am. chlor, ferrous Ferric _ chlor. 

(%) oxide Fe(OH), _ cit. lact. ascor. gluco ascor. Heparin 
0-125 5 15 120 — 
0-0625 5 10 30 120 120 — _ — 
0-0312 5 5 5 30 30 — — 
0-016 5 5 5 15 15 30 120 180 


‘Ferrous chloride ascorbate’ was the most active iron preparation in its 
anticoagulant effect, which is in agreement with the massive pulmonary 
haemorrhage caused by it. By weight of iron, it had an anticoagulant activity 
almost equal to that of heparin. Next in order of activity was ferric glucosate, 
‘ferric chloride lactate’, and ‘ferric hydroxide ferrous ascorbate’. The next 
group, comprising most of the iron preparations tested, had an activity 4; that 
of heparin. Saccharated iron oxide possessed the smallest activity of all 
(xde that of heparin), a finding which provides another reason for its low toxi- 
city. No correlation could be established between the anticoagulant activity 
of the different iron preparations and any of their various properties, including 
particle size, valency, and precipitation after i.v. administration. 


The inclusion of the muscle-spindle afferent in the ‘ final common 
path’. By T.D.M. Roserts. Institute of Physiology, University of Glasgow 


The normal posture of an animal is the result of continuous muscular activity 
maintained by stretch reflexes arising from the muscle spindles. Movement 
may be regarded as a change of posture produced by a redistribution of activity 
among the motor units, brought about, in the classical theory, at the level of 
the motoneurone (the ‘final common path’) by changes in the various impulse 
streams converging upon it (Sherrington, 1904). We now know, however, 
that the motor pathways do not have their synapses on the motoneurones but 
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end on smaller cells (Hoff & Hoff, 1934). Further, the regular discharge 
patterns observed in motor units are difficult to reconcile with the concept 
of convergence of ‘all-or-none’ pathways on the motoneurone. 

It is suggested, therefore, that the primary convergence site is the muscle 
spindle rather than the motoneurone. 

The muscle spindle is known to initiate a regular afferent discharge whose 


- frequency is influenced by all the small efferents serving its intrafusal fibres 


as well as by the applied load (Hunt & Kuffler, 1951). The spindle afferent is 
connected monosynaptically with the motoneurones of the muscle unit in 
which the spindle itself is embedded (Lloyd, 1943). In conditions of regularly 
repeated excitation, the motoneurone discharge will also be regular but may 
exhibit frequency division (Eccles, 1952). Self-regulatory (Hunt, 1951) and 
‘load-shedding’ (Roberts, 1952) mechanisms provide means of meeting 
increased demands for tension by bringing in additional motor units. Striking 
evidence for the validity of the new theory is provided by the observation by 
Granit & Kaada (1952) that the discharge frequencies of spindle afferents may 
be influenced by ‘gamma efferents’ on electrical stimulation of facilitatory 
and inhibitory centres in the central nervous system at stimulus strengths 
lower than those necessary to produce motor effects directly. 

The restricted range of motor-unit discharge frequencies, and many other 
recent findings, may be explained in terms of the new theory. A further 
consequence is that compensation for the imposed resistance to movement 
is automatic and achieved without lag. 

Both cerebellar integration and direct spinal convergence on the moto- 
neurones may also be capable of mediating co-ordinated movements, but it is 
suggested that, in the normal animal, they serve merely as reserve mechanisms 
with higher thresholds for activation. 
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The effect of alloxan intravenously on the blood pressure of the 
rabbit. By A. T. MacquzEn. Physiology Department, University College, 
Dundee, University of St Andrews 

In the course of experiments involving the intra-arterial injection of solutions 

of alloxan, it was noted that marked blanching of the part supplied by the 

injected vessel took place. This was accompanied by irregular spasm of the 


‘ 
J * 
4 
4 
4a 


10P PROCEEDINGS OF THE PHYSIOLOGICAL 


corresponding veins. This observation suggested that it might be of interest to 
investigate the effect of the intravenous administration of alloxan on the 
blood pressure of the rabbit. It has been found that this substance produces 
a sudden transient rise in blood pressure in the rabbit, even in doses well below 
the diabetogenic. This response is not abolished by decerebration, hypophys- 
ectomy, adrenalectomy or nephrectomy. It is not prevented by previous 
administration of dibenamine or hexamethonium bromide, nor by dimercaprol 
(B.A.1..) which has been stated by Chesler & Tislowitz (1945) to give protection 
against the diabetogenic effects of this substance. Alloxan inhibits the isolated 
rabbit heart and causes contraction of the isolated rabbit ileum. The effects 
of alloxan on the blood: pressure of the cat have been inconsistent; in the 
majority of experiments no significant change has been seen. __ 

Poulsen (1946) suggested that alloxan produces diabetes by giving rise to 
protracted spasm of the precapillary arteries of the islets of Langerhans, the 
resultant-anoxia being responsible for the death of the f-cells. Brunfeldt & 
Iversen (1950), however, state that there are no unquestionable facts in 
support of this action on the vessels. The vasoconstrictor effect reported here 
lends support to the first part of Poulsen’s suggestion, but its relationship, if 
any, to the diabetogenic action of alloxan, remains unknown. 


A grant from the A account of Universi Dundee, contributed to the e 
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Evidence of carotid body and sinus activity in new-born and foetal 


animals. By K. W. Cross and J. L. Matcotm. Physiology Department, 

St Mary’s Hospital Medical School, London : 
Cross & Oppé (1952), from their study of the effects of high and low con- 
centrations of oxygen on the respiration of premature and full-term infants, 
concluded that there was an active chemoceptor reflex at these ages. They 
found in a five minute test period that infants hyperventilate on an average 
for only the first two minutes of low (15%) oxygen administration, and that 
there is a very marked drop in minute volume when 100% oxygen is given at 
the sixth minute. They concluded that the chemoceptors had remained active 
throughout the whole period of low oxygen administration, but that central 
changes had masked the effects of the chemo-reflex stimulation of respiration. 
As evidence on the subject of chemoceptor activity will necessarily remain 
indirect in the human, it was decided to examine as wide a variety of immature 
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mammals as possible for evidence of chemoceptor activity in the sinus nerve. 
While such activity, if present, would not establish the integrity of a reflex, it 
would at least show whether this sensory mechanism was active in other 
mammals at similar developmental stages, and continued hypoxia would test 
' whether the carotid body continued to be stimulated or fatigued rapidly. 
Under chloralose and/or urethane anaesthesia, action potentials were re- 
corded from the proximally severed sinus nerve. Table 1 shows successful 


results. 
| 
Wt. Age 
Date Animal (g) (days) activity activity 
10. viii. 51 Kitten 270 21 ++ ++ 
4. iii, 52 Kitten 122 l s + 
17. iii. 52 Kitten 234 14 ++ ah 
20. iii. 52 Kitten 79 3 + + 
22. x. 51 Rabbit 450 ?28 + + 
xii, 51 Piglet 1000 + 
26. iii. 52 Lamb (f.) 2860 -8 + + 
2. v. 52 Lamb (f.) 2340 -7 +++ +++ 
18. iv. 52 Monkey 476 } 4 + 


The two foetal lambs shown in Table 1 were operated on under chloralose 
anaesthesia given to the mother, and remained attached via the umbilical 
cord. Oxygen mixtures were administered to the mother. 

_ The patterns of response of the chemoceptor fibres were found to be similar 
to those in adult animals, and if present in the human baby would partly 
explain the results obtained with differing oxygen mixtures. The cessation of 
activity of chemoceptors when 100% oxygen is first given after hypoxia is 
very marked, but there is some subsequent return of activity while the high 
oxygen administration is continued. It is felt that with the difficulty of 
obtaining recordings from foetal and new-born animals, which arises both from 
their small size and the delicacy of the tissues, any positive result is of greater 
significance than a negative one, and the results obtained so far would support 
the thesis that the chemoceptors are active before and soon after delivery. 


REFERENCE 
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The Organs of Zuckerkandl and the suprarenal medulla. By 
R. B. Hunter, Acnes R. Macerecor, D. M. SHEPHERD AND G. B. WEsT. 
Department of Pharmacology and Therapeutics, University of St Andrews 
Medical School, Dundee, and the Department of Pathology, Royal Edinburgh 
Hospital for Sick Children 

We have previously suggested (Hunter, Shepherd & West, 1952) that the 
Organs of Zuckerandl have an important function in early life as they are 
especially rich in noradrenaline. Further studies indicate that they are the 
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main source of pressor amines in the first year of life. At 12 months the 
proportions and amounts of adrenaline and noradrenaline contained in the 
Organs and the suprarenal medulla are of the same order. Thereafter the chief 
source of amines is the suprarenal medulla although the Organs may be 
pharmacologically active until the third year of life. 

It has been known for many years that there are structural abnormalities 
in the suprarenal glands of anencephalic infants and infants in whom an 
occipital meningo-encephalocele is present. Examination of the suprarenal 
medulla and the Organs of Zuckerkandl in babies with these abnormalities 
reveal certain characteristic differences. In the anencephalic infant the Organs 
of Zuckerkandl contain normal quantities of noradrenaline but the suprarenal 
medulla contains more than ten times the quantity of noradrenaline normally 
found at birth. When an occipital meningo-encephalocele is present the Organs 
of Zuckerkandl may contain traces of adrenaline and the normal amount of 
noradrenaline; the suprarenal medulla resembles that of an older child and 
contains appreciable quantities of both adrenaline and noradrenaline. | 
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Anti-adrenaline and antihistamine action of ethyleneimine. By 


J. D. P. Granam and G. P. Lewis. Pharmacology Department, Welsh 
National School of Medicine, Cardiff 


Nickerson & Gump (1949) have suggested, by analogy with the known reactions 
of nitrogen and sulphur mustards, that anti-adrenaline agents of the type 
NR,, NR,-B-haloalkylamine form active intermediate bodies in vitro, and 
further suggest that these are responsible for activity in vivo. These inter- 
mediates, in which presumably reside the specific activity, are thought to be 
unstable ethyleneimonium compounds. Hendry, Homer & Rose (1951) have 
described the cytotoxic properties of ethyleneimine. 

The essential similarity of structure between ethyleneimine and the ethy- 
leneimonium postulated for adrenergic inhibitory action led us to administer 


this compound (supplied by I.C.I. Ltd.) to animals. Dogs anaesthetized with . 


pentobarbitone Na and spinal cats were used. Injections of t-adrenaline and 
of histamine were given intravenously, and the reflex pressor response to 
carotid occlusion in dogs and the contraction of the nictitating membrane of 
cats following preganglionic stimulation of the cervical sympathetic nerves 
were recorded. Ethyleneimine is a volatile, unstable liquid. A small volume 
was weighed and quickly dissolved in 0-9% saline freshly made from boiled 
and rapidly cooled glass-distilled water, and injected as soon as possible. 
Doses ranged from 10ug/kg to 50 mg/kg. 


, 
a 
> 
ae 
4] 
iq 
J 
4 


SOCIETY, 4-5 JULY 1952 18P 


It was found that this substance inhibits the pressor response to adrenaline 
in non-toxic amounts. The contractions of the nictitating membrane in cats 
after injection of adrenaline or preganglionic stimulation of the cervical 
sympathetic, the pressor response in dogs to carotid occlusion and the fall in 
pressure after injection of histamine are all inhibited. Ganglionic blocking 
activity is unlikely to be present, but is not excluded. Variation in the response 
of different animals was considerable; it may be due to a loss of potency on 
dilution of the ethyleneimonium with water not entirely free from CO,. Toxic 
amounts (20-50 mg/kg) caused clonic convulsions of short duration and 
a gradual decline in blood pressure. Reversal of the pressor response to 
adrenaline was never obtained even with such amounts. Ethyleneimine is 
thus much less potent than, for example, N-1:naphthylmethyl-N-ethyl-bromo- 
ethylamine HBr; nevertheless, a potent anti-adrenaline agent may be found 


in the ethyleneimine series. 
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Investigations of the contractility of the human uterus. By 
H. ALVAREZ and R. CALDEYRO-BARCIA | 


On adrenaline and noradrenaline inactivation by human liver in 
vitro. By W. A. Barn and Jean E. Barry. Department of Pharmacology, 
University of Leeds 

Bain & Dickinson (1938) showed that, when liver slices from various mammals 

were incubated at 37°C in blood with 40yg/ml. adrenaline, the rate of 

adrenaline inactivation varied with the species and was fastest in the guinea- 
pig and man, slowest in the cat, dog and mouse, and intermediate in the rat. 

In three out of sixteen human livers, however, the inactivation rate approxi- 
mated to that of rat liver, and as two of the subjects had suffered from arterial 
hypertension of non-renal origin it was suggested that delayed inactivation of 
the transmitter might be responsible for such forms of raised blood pressure. 

We have now compared, by the same methods as before, the inactivation 
rates of adrenaline and of noradrenaline by twenty-eight samples of human 


' liver. An average of six points was determined for each drug in each experi- 


ment. The mean regressions for all experiments are: 
adrenaline, In Y =In —0-04474¢; noradrenaline, In Y =In y —0-05655¢; the 
difference between them is highly significant (P< 0-001). The calculated 
half-inactivation times in minutes, and their fiducial limits (P=0-95),. 
adrenaline, 15-5 (13-8-17-7); noradrenaline, 12-25 (11-1-13-7). 
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Inactivation of both drugs is unaffected by cyanide but is inhibited by 
octyl alcohol, so the enzyme concerned is amine oxidase (Blaschko, Richter & 
Schlossmann, 1937). 

Though some livers seem to inactivate both drugs so slowly as to belong to 
a separate category—as in the previous observations with adrenaline—this is 
difficult to prove; and the clinical data available give no help one way or the 
other. 

It is clear, however, that the hypothesis concerning delayed inactivation of 
adrenaline as a possible factor in causing certain forms of high blood pressure 
can now be extended to include noradrenaline. But any rigorous test of the 
validity of this hypothesis will require many more experiments than we have 
been able to do, and clinical information about the cases of a much more critical 
kind than we have been able to get. 


REFERENCES 
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On the alleged preference of amine oxidase for noradrenaline 
in adrenaline-noradrenaline mixtures. By W. A. Bain and Jean 
E. Batry. Department of Pharmacology, University of Leeds 


Blaschko & Burn (1950), using an amine oxidase preparation from rabbit liver, 
found the same rate of 0, consumption for adrenaline and noradrenaline 
respectively. When, however, a mixture of equal parts of the two substances 
was inactivated the proportion of the total pressor activity due to adrenaline 
steadily increased while that due to noradrenaline steadily diminished. They 
concluded, as did Burn & Robinson (1951), that the enzyme has a preference 
for noradrenaline in a mixture, so that the noradrenaline is destroyed more 
rapidly than the adrenaline, in contrast to the equal rates of destruction when 
_ each drug is inactivated in the absence of the other. 

We have found, in parallel experiments with adrenaline and noradrenaline, 
that human liver, in which the enzyme concerned is amine oxidase, destroys 
noradrenaline more rapidly than it does adrenaline (Bain & Batty, 1952). 

If it is assumed that the rate of inactivation of each drug is the same in 
a mixture as when by itself, then it necessarily follows that, as inactivation 
proceeds, the proportion of adrenaline must increase while that of nor- 
adrenaline must diminish. For human liver the theoretical state of affairs 
based on this assumption has been calculated from the common regressions 
derived from our twenty-eight experiments with each drug. When mixtures of 


the two drugs are inactivated by human liver the results are in accordance 
with these theoretical expectations. 
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There is thus no need to postulate a preferential inactivation of noradrena- 
line in the presence of adrenaline, in any sense which implies that amine 
oxidase behaves differently in the presence of both drugs than it cove in the 
presence of each separately. 

REFERENCES 
Bain, W. A. & Batty, J. E. (1952). J. Physiol. 117, 12 P. 
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Substituted choline aryl ethers as inhibitors of amine oxidase. 


By Barsara G. Brown and P. Hey. Department of Pharmacology, 
Unwwersity of Leeds 


Vain a method by which the inactivation of adrenaline and noradrenaline 


by mammalian tissues in vitro can be followed (Bain, Gaunt & Suffolk, 1937; 
Bain & Batty, 1952), quantitative estimations of the inhibitory activities of 
twenty nuclear substituted choline phenyl ethers, and of several related com- 
pounds, have been made. The measure of inhibitory activity was the per- 
centage increase in the half-inactivation time of adrenaline by cavy liver in 
the presence of 10yug/ml. of the inhibitor. 
In most instances the nuclear substituent groups were methyl or halogen, 
and the results indicate that activity is governed mainly by steric factors. The 
most active compounds contain a single ortho or para substituent; two or 


three groups in these positions lower the activity. Compounds substituted in 


the meta position, whether with or without ortho or para substituents, show 
less activity than the unsubstituted compound. 

The choline (—OCH,CH,N(CH,),) side chain seems to be specific, and com- 
pounds in which this is modified are all less active than the corresponding 
choline derivative. The modifications included lengthening of the chain, 
branching at the B (to N) position, replacement of oxygen by —CH,—, and 
replacement of the terminal methyl by ethyl groups. 

Known inhibitors of amine oxidase, such as ephedrine (Blaschko, Richter & 
Schlossmann, 1937) and amphetamine (Blaschko, 1940), were also investigated. 
The most potent ethers have ten times the activity of amphetamine and 
a hundred times that of ephedrine. 

One of the most active compounds, choline p-tolyl ether, may be of use in 
research, since in animals, and in doses which elicit no other obvious effect, it 
can greatly reduce, or perhaps even abolish, the activity of amine oxidase. 
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Contributions to liver blood flow of the portal vein and hepatic 
‘artery. By M. Gryspure and J. Grayson. Departments of Phar- 
macology and Physiology, University of Bristol 

In a previous investigation of liver blood flow using internal calorimetry it 
was shown that resting liver blood flow does not depend on extrinsic nervous 
influences (Ginsburg, Grayson & Johnson, 1952). Liver blood vessels were, 
however, capable of reflex response to changing blood pressure. Thus an 
increase in blood pressure—produced, for example, by systemic administration 
of adrenaline—caused reflex vasodilatation in the liver. In the present work 
the relative importance of the hepatic artery and portal vein in this respect 
have been investigated, using rats and rabbits as experimental animals. 

Clamping the portal vein after previously tying the superior and inferior 
mesenteric arteries produced an immediate fall in liver blood flow of 60-80%. 
In most cases there was then a rise until a steady flow was reached, in about 
15 min, 50-60% below resting levels. Similar results were obtained fol- 
lowing clamping of the portal vein only, and in experiments where the blood 
from the portal vein was diverted into the external jugular vein. Administra- 
tion of adrenaline produced a rise in blood pressure and a rise in liver blood 
flow; mechanically induced increments in blood pressure also produced a rise 
in liver blood flow similar to that seen before tying the portal vein. These 
dilator reflexes were abolished by administration of tetraethylammonium 
bromide and hexamethonium iodide. That the only blood supply to the liver 
in these animals was through the hepatic artery was shown by clamping the 
coeliac axis when the flow fell to zero. 

Clamping of the coeliac axis produced less constant blood-flow changes. In 
most cases there was an immediate fall of 10-40%, followed by a slight 
increase in flow to levels which were slightly lower than the pre-operative flow; 
the equilibrium level was usually reached within 10 min. In animals where 
recovery was permitted, this flow was maintained for the period of observa- 
tion—up to 2 weeks. In contrast to results obtained in experiments on 
animals with the coeliac axis patent, administration of adrenaline now caused 
a marked diminution in blood flow in most cases. Mechanical increments of 
blood pressure, however, caused a rise in flow similar to that recorded before 
tying off the axis. The dilator effect was prevented by ganglionic blocking 
agents and atropine. It must have been the result, therefore, of the dilator 
reflex described previously. The diminution in flow produced by adrenaline is 
regarded as possibly due to a fall in portal flow caused by the direct action 
of adrenaline on vessels elsewhere in the splanchnic bed. 


__ We wish to thank Dr D. H. Johnson for permission to quote unpublished findings on the 
diversion of the portal blood supply. The work was carried out with the aid of a grant from the 
Medical Research Council. 
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A double microprojector for comparing histological preparations. 
By E. H. Leacu. University Laboratory of Physiology, Oxford 


The purpose for which this instrument has been constructed is to allow for the 
simultaneous observation of two similar but not identical preparations. When 
such preparations are viewed successively with a microscope, great observa- 
tional skill and visual memory are required for the initial observation of minor 
differences. 

Each unit of the instrument consists of: 

(i) a pointolite lamp with a Nelson condenser, set to give Kohler illumina- 
tion; 

(ii) a microscope with a surface coated mirror, %in., } in. and }, in. ob- 
jectives and a x8 eyepiece; 

(iii) a drawing prism or better a small surface coated mirror. 

The microscopes are placed 7 in. apart and in the vertical position. They 
project horizontally through small holes into a light-tight blackened box, 
which has a white screen at the back, 12 in. from the holes. A viewing hole 
(4 x 2 in.) is placed above the projection holes and 16 in. in front of the screen. — 
A large plastic fluid-filled (television) lens is placed 9 in. in front of the screen. 

The observer must sit in a shaded position and when using the ;, in. 
objective must be in nearly complete darkness. Light reflected off the 
condensers, objectives, etc., is shaded by a small shelf. 

The projected images would slightly overlap, but a small sector is obliter- 
ated from the ‘nasal’ part of each field. The apparent magnifications are 
similar to those with the same objectives used on an ordinary microscope, 
but the detail seen is less. 

The two pointolite bulbs can be wired to work off the same switch. The 
resistances must be placed outside the apparatus. Small lamps must be 
placed to be switched on when changing slides. 

In use it is found that the instrument makes it easy to observe differences. 
that had escaped previous careful observation. More obvious differences can 
be detected with greater speed and certainty. Fine cytological details cannot 


be seen. 
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The retinal structure of Xenopus. By Katuarine TANsLey 


Arterio-venous anastomoses in the tongue of the dog, the sheep 
and the goat. By P. M. Danret and Marsorme M. L. Pricnarp. 
Nuffield Institute for Medical Research, University of Oxford 

The object of this demonstration is to show the characteristic form of the 

anterio-venous anastomoses which are present in the tongue of the dog 

(Prichard & Daniel, 1952), sheep and goat, and the appearance of these vessels 

in different types of preparation (injected and histological). 


In each of these species of animal, arterio-venous anastomoses are present in | 


large numbers in the corium of the tongue, where they form direct communi- 
cations between arteries and veins which respectively supply and drain the 
subepithelial capillary plexus. | | 
The arterio-venous anastomoses run a more or less tortuous course. The wall 
of the vessel is very thick, the media containing smooth muscle cells and 
‘epithelioid’ cells in large numbers but in variable relative proportions. There 
is no internal elastic lamina. 
_ The existence of arterio-venous anastomoses in the tongue of the dog is 
already known from the work of Brown (1937), but her work was a study of the 
nervous elements of these structures. As far as we are aware, the presence of 
arterio-venous anastomoses in the tongue of the sheep and the goat has not 
been reported hitherto. ; 
REFERENCES 
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Equipment for studying the distribution of y-active radio-isotopes 
in small animals. By D. G. Arnorr and P. Fossry. Postgrad 
Medical School, London, W. 12 : 


The principle of using several y-sensitive Geiger-Muller tubes, having closely 
similar operating voltages and connected in parallel, as a means of assaying 
large diffuse sources of radioactivity has been previously described (see 
references below). The advantages are an inherently high sensitivity and a 
counting rate which is largely independent of minor fluctuations in the tube- 
and-sample geometry, due, for example, to small movements or positional 
errors of the latter. This makes it possible to use such equipment for accurate 
study of the distribution of y-ray activity in living animals, and two such 
devices are exhibited. 

The first comprises eight Geiger-Muller tubes (Twentieth Century type 
G. 10 Pb) set in a ring longwise around one Perspex tube and enclosed in a 
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similar but larger one. This system allows the animal to be positioned re- 
peatedly by eye, and graduations are provided on the inner tube to assist this 
. Two lead cylinders 1 cm thick may be freely moved within the inner 
Perspex tube. The animal is placed within these in a special holder (see below) 
and, by differential shielding, the distribution of radioactivity within the 
various parts of the animal (e.g. neck, thorax, etc.) may be studied, the signal 
recorded either on a ratemeter or a scaler. Each tube is independently 
equipped with electrostatic and light shielding. This is necessary if the animal 
is to be visible; it also permits easy removal of individual tubes without 
disturbing the rest. 

The second apparatus is fundamentally similar, but was designed principally 
for the study of radio-iodine uptake in thyroid glands. Four tubes (Twentieth 
Century type G. 4 Pb), shielded as before, are mounted nose-to-tail trans- 
versely round a Perspex tube and screened on each side by 1 cm thick lead. 
This equipment, used in conjunction with the lead cylinders, can be used to 
screen off completely all but a very small selected area of the experimental 
animal. Used in this way, the apparatus is more sensitive than the eight-tube 
mount, because the whole of the cathode surface of each tube is employed. 


_ On the other hand, it is less versatile than the larger apparatus. 


Rats must be anaesthetized, either by injection or by ether, and a small 
holder is exhibited for manipulating them within the apparatus. For chicks 
a special holder (exhibit 3) has been designed. It is impossible to describe it 
verbally and briefly, but its advantage is that chicks can be held immovably 
in it without distress, and measurements thus obtained without the use of 
anaesthetic. 

REFERENCES 
Freedberg, A. S., Ureles, A. & Van Dilla, M. (1949). J. clin. Invest. 28, 782. 
Veall, N. & Vetter, H. (1952). Brit. J. Radiol. 25, 85. 


A double pulley giving linear magnification for kymograph 
recording. By J. B. E. Baxer. Department of Physiology, Charing 
Cross Hospital Medical School, London, W.C. 2 ; 


The problem of obtaining a recorded response in linear proportion to the 
degree of isotonic change of length of organs has resulted in some carefully 
conceived levers and writing-points (Schild, 1944, 1947; Bianchi & Ceriotti, 
1951). Such systems, due to their necessary dimensions or proportions, tend 
to be ungainly. A more compact arrangement suggested itself from a consider- 
ation of the Bianchi-Ceriotti lever and of the system of three pulleys used by 
Schild (1942) but abandoned because of excessive friction. 

The present system involves one double pulley only, and when the larger 


diameter is 5 cm and the smaller is 1 cm, the total weight may be kept down to 
b2 
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1:5 g or less by using duralumin 0-5-1-0 mm thick and suitably drilled out for 
maximum lightness with adequate rigidity. With the larger pulley of varnished, 
solid, balsa wood the total weight may be about 1 g heavier. In the diagram 
the thread to the recording side is fixed at R by Chatterton’s compound, and 
that to the organ is fixed at O. The position depicted is that near maximal 
contraction of the organ. Writing-point pressure is obtained simply by twisting 
the thread. Suitable loading or counter-weighting is easily applied as plasti- 
cene on the appropriate side. In the presence of excessive draughts or vibra- 
tions it is necessary to have a second guide below the writing-point. 


Nylon | 
thread 


Hypodermic 
needle tubing 


or glass 


Guide 


It is essential to aline the connexions from the organ and from the recording 
side so as to avoid excessive friction between glass capillary (or hypodermic 
needle tubing) and guides, and between the threads and the sides of the 
shallow grooves in which they run in the pulleys. 

For most purposes a magnification of 5:1 is adequate, but it is convenient 
to have the common pulley shaft tapered, so that various sizes of small pulley 
may be fixed on by simple friction as required. The ends of the shaft are 
drilled so as to mount on simple pointed screws as used in Palmer’s straw 


holders, and the pulley may then be mounted between similar but deeper 
shoulders. 
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_ This system has been successfully used for recording the contractions of 
isolated rabbit and guinea-pig gut, even in student practical classes. The 
lightest pulley (1-3 8) is also being tried for recording from isolated hearts 
pulling against a spring. 
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An instrument for direct measurement of photographic records. 
By T. A. Wricut 


An animal holder containing a stereotaxic unit. By G. Gorpox and 
T, A. WricHT 


The vascular pattern of the infundibular process of the hypophysis 
cerebri in infants and adults. By G. P. Xuzres.* Nuffield 
Department of Surgery, University of Oxford, and Medical and Health 
Department, Malta | 

The vascular pattern of the human hypophysis cerebri has been studied in 

thick serial sections by means of several of the benzidine methods which stain 

the red cells within the blood vessels. A fast green method was also developed 
and used. It has been found that the hypophysial stalk, the pars distalis, and 
the infundibular process (nomenclature as in Rioch, Wislocki & O'Leary, 

1940) each have a vascular pattern which is distinctive and specific. Moreover, 

changes in this pattern develop with advancing years, and preparations are 

shown to demonstrate the changes that occur in the vascular pattern of the 
infundibular process. 

In the foetus and infant narrow capillaries are seen to be distributed 
sparsely but evenly throughout the neural lobe. By the end of the first decade 
the capillaries form a more extensive network by their frequent branchings 
and anastomosis. Thereafter they increase in calibre, and the meshes of the 
network become smaller. This simple branching pattern (Fig. 1) is preserved 
until the end of the second decade. 

The stage is then set for the development of the more complex vascular 
pattern that characterizes the infundibular process of the adult. There is 
&@ progressive increase in the length and calibre of the capillaries which 
gradually become tortuous. This change in pattern is widespread and by no 
means restricted to particular areas of the infundibulgr process. Eventually, 
the fully developed picture shows groups of convoluted vessels arranged in 

* Working with a grant from the Nuffield Foundation. 
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clearly defined lobular units (Fig. 2). Each lobular unit has one or more 
afferent vessels, and U-shaped venous channels drain individual or adjacent 
lobules. The changes in vascular pattern described above are equally striking 
in both the sexes. ) 


Fig. 1. Fig. 2. 
Fig. 1. Simple branching pattern of blood vessels in the infundibular process of the hypophysis 
of a male child aged 2 years. (Lepehne-Pickworth stain, x 28.) 
Fig. 2. Complex lobular pattern of blood vessels in the infundibular process of the hypophysis 
of a female aged 46 years. (Lepehne-Pickworth stain, x 28.) 


There is increasing experimental evidence that the neurohypophysis is a 
secretory organ under the control of the hypothalamus. It has been credited 
with the formation of a hormonal substance or substances and with the 
liberation of these substances into the blood stream—both functions being 
controlled via the hypothalamo-hypophysial tract (Harris, 1951). It seems 
possible that the development of the complex lobular vascular pattern ob- 
_ served in the infundibular process of the adult human may be concomitant 


with or a sequel to changes either in the cells or in the terminations of the 
nerve fibres around the vessels. 
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The effect of Ca ions on the vagal inhibition of the perfused 


anuran heart, as measured by changes in the electrocardio- 

gram. By Jean Banister and G. A. H. Mitter.* Universi 

of Physiology, Onford 
The vagal elements within the anuran heart may be perfused through the 
posterior vena cava, the fluid escaping from the sectioned aorta; perfusion in 
this manner allows flow to be maintained when ventricular activity is 
diminished. Electrocardiograms, recorded from the heart surface by wick 
electrodes connected to an amplifier and cathode-ray oscillograph, show no 
marked changes in form or rhythmicity during 3-4 hr perfusion with a modified 
Clark-Ringer solution, equilibrated to pH 7-2 with O, and 5% CO,. Stimula- 
tion of the right or left cervical vagus causes characteristic variations in the 
T wave, shortening of the Q-T interval, lengthening of the P-Q interval, and 
lengthening of the cycle; any one or a combination of these changes may be 
obtained in a perfused preparation. When Ca ions are omitted from the per- 
fusate, the form and rhythmicity of the electrocardiograms are little affected, 
though ventricular muscular contraction appears to be abolished within a few 
minutes (Mines, 1913). Stimulation of the vagus in these conditions fails to 
modify the electrocardiogram; neither form nor rhythmicity undergo altera- 
tion. The nerve endings recover their inhibitory properties very shortly after 
Ca ions are restored to the perfusate. This result agrees with work reported by 
Busquet & Pachon (1909). They observed that vagal activity, as measured by 
the inhibition of auricular contraction, was diminished during NaCl perfusion 
and returned when Ca ions were added to the solution, Sr, Ba or Mg ions in 


equimolar concentrations being inactive. 
In a preliminary investigation of the phenomenon we have examined the 


effects of reducing the Ca-ion concentration upon the electrocardiogram 
responses to vagal stimulation for periods of 5-6 sec, at a fixed intensity and 
rate; and also to constant injected doses of ACh. The intensity of stimulation 
and the amount of injected ACh were adjusted to cause suppression of the 
electrocardiogram for two or more cycles during perfusion with Ringer con- 
taining 1-1 x 10-*m-Ca. No detectable response to vagal stimulation occurred 
during perfusion with less than 3-0 x 10-*m-Ca, whereas some effects upon the 
T wave and length of cycle were obtained during 3-6-5-0 x 10-*m-Ca per- 
fusion. The response of the electrocardiogram to injected ACh also appeared to 


- depend upon the Ca-ion concentration of the perfusate. It was reduced during 


perfusion with 3-6-5-0 x 10-*m-Ca and greatly reduced or abolished with less 
than 3-0 x 10-*m-Ca in the perfusate. 

We have attempted to obtain some measure of the amount of cholinergic 
substance in the eserinized perfusate recovered from the ventricular cavity 
after vagal stimulation. The activity of the perfusate was tested on the 

* With a training grant from the Medical Research Council. 
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eserinized leech preparation. The results, so far, indicate that the amount of 
active substance released by vagal stimulation depends, at least to some 
extent, upon the Ca-ion concentration of the perfusate, as might be expected 
from the work of Castillo & Stark (1952) and Harvey & MacIntosh (1940). 
These workers obtained evidence that the release of transmitter from cholin- 
ergic nerves was affected by the Ca-ion concentration of the environment. 
These results will be demonstrated by the methods described above; in 
addition, the mechanical action of the ventricle will be recorded electrically by 
a manometer which has been designed and constructed by Mr I. G. Baxter. 
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Perfusion of the coronary arteries of the dog. By Brenpa M. 
ScHOFIELD and J. M. WALKER 


Physiological and anatomical evidence of a hepatic arterial—hepatic 
venous shunt. By W. H. Horner Anprews and B. G. Marcraitu 


Elastoviscosity of synovial fluid. By A. G. Oaston and J. E. STanrer 
A flowmeter. By G. 8. Dawes, J. C. Morr and J. R. Vane 


Training monkeys for the study of cerebral lesions. By J. Coxz. 
(Film) 


Gastric secretion. By R. A. Grecory. (Film) 


The protective effect of amines against X-irradiation. By Z. M. 
Bacqand A. Herve. Departments of General Pathology and Radiotherapy, 
University of Liege, Belgium 

Methylamine, which protects in vitro choline oxidase against nitrogen mustard 

(Colter & Quastel, 1950), protects, in a dose of 2 mg, three to seven mice out of 

ten against a dose of 700 r which is lethal for all controls (Bacq & Herve, 1951). 
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Cysteinamine (cysteamine or B-mercaptoethylamine in a dose of 3 mg intra- 


-peritoneally) protects 97°, mice against 700 r, and 30-90% against 1000 r. 


Cystinamine also gives very good protection (Bacq, Herve, Lecomte, Fischer, 
—— Dechamps, Le Bihan & Rayet, 1951; Bacq & Herve, 1952): 
HS—CH,—CH,—NH, cysteinamine 
S—CH,—CH,—NH, 


H,—CH,—NH, 
Both cystinamine and cysteinamine are completely inactive if injected after 
X-irradiation. Cysteine has some protective action, cystine has none (Patt, 


cystinamine 


Tyree, Straube & Smith, 1949). 


Cystinamine is a histamine liberator (Lecomte, 1952), and as a diamine fits 
very well in the series studied by MacIntosh & Paton (1949); cysteinamine, on 
the other hand, does not release histamine. Histamine and many other 
amines have a significant protective action against X-irradiation, while the 
corresponding amino-acids have little or no action (Bacq & Herve, 1952). 

Cysteinamine has already been used with success in human beings against 
radiation sickness (Bacq & Herve, 1952). 
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The effect of hot, humid environments on the renal function of 
West Africans. By R. A. Kenney. Hot Climate Physiological Research 
Unit, Oshodi, Lagos, Nigeria | 

The renal partial functions (glomerular filtration rate, renal plasma flow and 

filtration fraction) and the resistance to blood flow of the glomerular vessels 

have been investigated in a group of male West Africans, all of whom were 
familiar with the experimental procedures, at rest in three hot, humid 
environments, one the normal temperature of the Oshodi laboratory and two 
obtained in a climatic chamber. 

The climates used were: A, 82° F dry bulb, 77° F wet bulb; B, 101° F dry 
bulb, 92° F wet bulb; C, 110° F dry bulb, 95° F wet bulb; in all cases the air 
movement was less than 50 ft./min. 
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The mean values and standard deviations for filtration rate (G.¥.B.), plasma 
flow (R.P.F.), filtration fraction (¥.¥F.), blood flow (8.B.F.) and mean blood 
pressure (B.P.) are recorded in the table, together with values for the overall 
renal resistance (R.R.) calculated by the method of White & Rolf (1948) and — 
the glomerular pressure (Pg), afferent (Ra) and efferent (Re) glomerular 
arteriolar resistance, calculated by the method of Lamport (1942). 


G.F.B. R.P.F. ¥.F. B.B.F. 
Environment ml./min ml./min % ml./min mm Hg 
A 131415 608 + 60 21-6+41°8 1010499 90 
B 110412 481436 22-9+40-75 806 + 64 88 
C 108+5 437 +38 24-7+1-96 750+ 68 88 
B.R. Ra Re 
(mm Hg/100 (mm Hg/100 ml. (mm Hg/100 ml. | 
Environment in) (mm Hg) min) min) Ra/Re 
A 8-51+40-87 45-6 2-43 + 0-26 1-59+0-22 1-53 
B 10-41 +0-87 48-0 2-49+0-31 2-1640-27 1-16 
Cc +0-99 49-6 2-44+40-55 2-43 +.0-28 1-005 


In the experimental environments there is a depression of G.F.R. and R.P.F. 
and an increase in the filtration fraction. In the hottest environment approxi- 
mately 250 ml. of blood/min are being diverted from the kidney. The overall 
renal resistance and the glomerular pressure rise. There is no change in Ra but 
a marked rise in Re, the ratio Ra/Re falling by 30% between climates A and C. 

These findings are similar to those of Radigan & Robinson (1949) obtained 
on the European subject exposed to a hot dry environment. 
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_ The effect of exercise in hot, humid environments on the renal 
| function of the West African. By R. A. Kenney. Hot Climate 
Physiological Research Unit, Oshodi, Lagos, Nigeria 

The effect of exercise on the glomerular filtration rate, renal plasma flow, 
filtration fraction and renal blood flow in the West African has been investi- 
gated in the three environments described in the previous communication. 
Control determinations were made during the first 30 min of the experiment, 
and the subjects then exercised for 15 min by stepping on and off a stool, 1 ft. 
in height, twenty times per minute. The observations were continued for 
30 min after exercise. Throughout the experiment the subjects were en- 
couraged to drink at a rate sufficient to maintain urine flow at a level of 
2-3 ml. /min. 

The values obtained during the control period were in good agreement with 
those obtained in the previous series. During exercise both the renal plasma 
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flow and the glomerular filtration rate were reduced, the filtration fraction 
showing @ slight rise. The fall in the rates of flow was apparently independent 
of the temperature at which the observation was made; in all three environ- 
ments the filtration rate fell by an average of 30 ml./min, and the rate of 
plasma flow by about 130 ml./min. During exercise in the hottest environ- 
ment (110° F dry bulb, 95° F wet bulb) the renal blood flow was reduced to 
about one-half of the resting value as determined at laboratory temperature. 

Calculation of the overall renal resistance (White & Rolf, 1948) and of the 


‘glomerular pressure and glomerular arteriolar resistances (Lamport, 1942) 


demonstrated the following points: 

(1) During exercise the overall renal resistance rises; both the afferent and 
efferent glomerular vessels show an increased tone, the change being greater 
in the afferent arteriole. | 

(2) During the post-exercise period the afferent resistance falls while the 
efferent resistance is maintained. This brings about a rise in the glomerular 
pressure and the filtration fraction and a return of the filtration rate towards 
normal values even though the rate of plasma flow is still depressed. 
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The action of insulin on the surviving rat’s heart. By N. M. BLezHENn 
and R. B. Fisner. Department of Biochemistry, University of Oxford — 


Provided that the Ringer is very thoroughly filtered, closed circuit perfusion 
of the surviving rat heart at coronary flow rates of 4-8 ml./min can be main- 
tained for at least 2hr without appreciable oedema occurring. Krebs & 
Henseleit’s (1932) bicarbonate medium has been used, but with 5 mg calcium 
per 100 ml. | | 

The effects of change in glucose and in insulin concentration on the glucose 
utilization of the heart are shown in Table 1. These results show: 

(1) that the isolated heart is approximately as sensitive as the surviving 
diaphragm to insulin (compare Groen, Kamminga, Willebrands & Blickman, 
1952), 

(2) that the maximum uptake in the absence of insulin is not more than half 
that in the presence of insulin. 

When the surviving heart is perfused with medium containing 150 mg/ 
100 ml. of glucose and 0-2 mU insulin per ml. for 15 min, and then switched to 
similar medium without insulin, the glucose utilization in the period beginning 
15 min after the change-over is no greater than on initially insulin-free 
medium. This finding suggests that the ‘chemical combination’ of insulin with 
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muscle postulated by Stadie, Haugaard, Marsh & Hills (1949) may be an 
artifact. In their experiments diaphragm was exposed for a short time to 
insulin concentrations (100-1000 mU/ml.) far higher than those necessary to 
increase glucose uptake if left in contact with the muscle (compare Groen et al. 
1952). The effects observed by Stadie et al. may have been due to diffusion of 
very little of the concentrated insulin solution into the interior of the muscle. 


TaBLeE 


wt/hr) i of different 


Glucose concen. 
(mg/100 ml.) No insulin 0-02mU/ml. 0-2mU/ml. 20mU/ml. 20mU/ml. 
150 1241-2 (8) 1242-0 (4) 2242-5 (4) 4443-4 (4) 49 (2) 
600 1743-3 (7) 4947-8 (5) 


| Standard errors of means are shown. Numbers of animals are in parentheses. All measurements ~ 
were made over 60 min periods after 15 min equilibration of heart with medium. 


In our experiments the insulin is certainly dissociated from the muscle 
within 15 min. The experiments of Stadie et al. suggested that it remained 
combined for at least a large part of a 90 min observation period. 
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The action of ephedrine, amylocaine and cocaine on the responses 
of acutely and chronically denervated nictitating membranes 
to adrenaline, noradrenaline and 3:4-dihydroxynorephedrine. 


By I. R. Innes and H. W. Kosreruirz. Physiology Department, University 
of Aberdeen 


In a preliminary operation, the adrenals of cats were inactivated by removing 
the right and denervating the left adrenal, while one or both nictitating 
membranes were denervated, either preganglionically (decentralization) or 
post-ganglionically (denervation). The acute experiments were performed 
under pentobarbitone anaesthesia (45 mg/kg) 10-20 days later. Comparisons 
were made between acute and chronic decentralization (I), acute and chronic 
denervation (II) and chronic decentralization and chronic denervation (III). 
Chronic decentralization enhanced the action of adrenaline and noradrenaline 
to about the same extent (Lockett, 1950), while chronic denervation potenti- 


ated the action of noradrenaline more than that of adrenaline (Biilbring & 
Burn, 1949), 
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In (I), ephedrine hydrochloride (50-200 ug/cat) did not affect significantly 
the action of adrenaline, noradrenaline and 3:4-dihydroxynorephedrine 
(cobefrin, corbasil) on the chronically decentralized nictitating membrane. 
The responses of the acutely decentralized or acutely denervated membrane 
were potentiated by increasing doses of ephedrine until they resembled those 
of the chronically decentralized membrane. The responses to noradrenaline of 
both acutely and chronically decentralized membranes were smaller than 
those to adrenaline. Cocaine hydrochloride (2 mg/kg intravenously) potenti- 
ated the response to noradrenaline which then equalled that to adrenaline. It 
also increased the response to 3:4-dihydroxynorephedrine, which is resistant 
to liver amine oxidase (Blaschko, Richter & Schlossmann, 1937). 

In (II), after ephedrine the responses of the acutely denervated membrane 
were similar to those observed in (I) after these drugs. There was little or no 
effect on the responses of the chronically denervated membrane. After 
cocaine, which potentiated the responses of the acutely denervated membrane 
to noradrenaline and to 3:4-dihydroxynorephedrine, there was no significant 
difference between the responses of the acutely and the chronically denervated 
membranes. 

In (III), ephedrine had little or no effect on the chronically decentralized or 
chronically denervated membranes. After cocaine, which potentiated the 
responses of the chronically decentralized membrane to noradrenaline and 
3:4-dihydroxynorephedrine, the responses of the chronically decentralized and 
chronically denervated membranes were almost identical. 

Amylocaine hydrochloride in doses tolerated by most cats (5-30 mg/kg) 
had effects similar to those of ephedrine. One cat withstood 80 mg/kg when 
the responses to noradrenaline resembled those after cocaine. This cocaine-like 
effect was not produced by large doses of ephedrine. It would appear that 
ephedrine causes the responses of the acutely decentralized or denervated 
nictitating membrane to simulate those in chronic decentralization, while 
cocaine modifies the responses in a way similar to chronic denervation. 
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Changes in lactation during the menstrual cycle. By V. R. PicKzzs. 


Department of Physiology, King’s College, Newcastle upon T'yne 
The hormonal control of lactation has been studied less in the human than in 


some other species. An unusual opportunity was recently presented by the 
very early recurrence of the menstrual cycle in one subject; the first menstrual 
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period began on the 28th day post-partum and was followed by approximately 
27-day cycles. Except for a little early irregularity, the menstrual periods and 
the changes in waking mouth temperature during the 9 months of lactation 
were apparently normal. 

The baby’s weight gain before mixed feeding was begun was taken as some 
indication of the quantity of milk produced. During the 8 days before and the 
3 days after the beginning of each menstrual period, it averaged 0-80 oz./day; 
during the rest of the time it was 0-93 oz./day. The difference is of low 
significance: t= 1-83, N=5; 0-1<P<0-2. 


A similar decrease in lactation before and during the menstrual periods is 


suggested by the values of the thermal circulation index (T.C.1.) of the breast, 
measured as described briefly in a previous communication (Pickles, 1952). 
The log, T.c.1., adopted because of its normal distribution, averaged 0-789 
during the 8 premenstrual and 3 menstrual days of each cycle, and 0-871 
during the rest of the time—a highly significant difference (t= 3-65, N = 123). 
An observation first recorded by Macht & Lubin (1924) has been confirmed, 
since polyanthus flowers rapidly withered when put in a 1 in 50 dilution of 
milk secreted during the first week of the cycle, but did not wither in similar 
dilutions of milk secreted at other times. There was a suggestion that the baby 
was unduly subject to minor gastro-intestinal disturbances during the 
menstrual periods; and the three attacks of mastodynia or mild mastitis from 
which the mother suffered in different months, all occurred in the first 9 days 
after the beginning of the period. | 
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Acetylcholine and ciliary movement in the gill plates of Mytilus 
edulis, the common mussel. By Hzatuer J. SHettey. Depart- 
ment of Pharmacology, University of Oxford ve 

The function of acetylcholine as a local hormone concerned with tissue move- 

ment has recently been discussed in connexion with the maintenance of 

rhythmic activity in isolated rabbit auricles (Bilbring & Burn, 1949), with 
pendular movement in the intestine (Feldberg & Lin, 1950), with ciliary 
movement (Kordik, Biilbring & Burn, 1952) and with the motility of try- 

panosomes (Biilbring, Lourie & Pardoe, 1949). 

The gill plates of Mytilus edulis, the edible mussel, are heavily ciliated 
structures especially suitable for investigating the relationship between 
acetylcholine metabolism and ciliary movement, since histological examina- 
tion fails to reveal the presence of either nervous or muscular tissue. 

Acetylcholine, eserine, atropine, p-tubocurarine and adrenaline have been 
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examined for their effect on the transport of particles by the cilia. Acetyl- 
choline and eserine quickened transport at low concentrations (< 10-5) and 
slowed it at higher concentrations (>10-*), atropine had little effect, tubo- 
curarine some slowing effect and adrenaline a quickening effect. 

Extracts of the tissue in acid saline were found to have an acetylcholine- 
like activity, varying from 1-4 to 13-0 ug/g fresh tissue, the higher values being 
obtained when eserine 10-* was present in the extracting solution. 

Fresh tissue hydrolysed acetylcholine and acetyl-8-methylcholine, but not 
benzoylcholine, indicating the presence of an enzyme resembling ‘true’ 
cholinesterase or acetylcholinesterase. The activity was completely inhibited by 
10-* eserine in most experiments but not by 10-°m-Nu 683, a specific inhibitor 
of pseudocholinesterase at this concentration. 

The acetylcholine synthesizing mechanism in Mytilus seems to differ from 
_ that in rabbit brain. Indeed, the gill plates contain a powerful inhibitor of the 
mammalian system. The inhibitor was shown to be unstable to boiling but 
removable by dialysis for several days. However, the dialysed extract was 
still unable to synthesize acetylcholine when incubated with citrate (Feldberg 
& Mann, 1946) or acetate (C. Hebb, personal communication). But when the 
tissue was provided with the enzymes necessary for the acetylation of 
coenzyme A, by the addition of a pigeon-liver fraction with acetylkinase 
activity as described by Nachmansohn, Wilson, Korey & Berman (1952), 
synthesis took place equivalent to 10-25yug acetylcholine/g acetone-dried 
powder. Dialysis of the extract did not increase this value, indicating that the 
inhibitor is concerned with some step prior to the acetylation of coenzyme A. 

These results suggest that the ciliary activity of the gill plates of M. edulis 
may be closely concerned with acetylcholine metabolism. 
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The action of eserine on isolated rabbit’s auricles. By E. Bi.srine, 
J. H, Burn and 8. R. Korrecopa. Department of Pharmacology, Uni- 
versity of Oxford 

In isolated rabbit’s auricles beating in oxygenated Locke solution at 29° C, 

eserine in low concentrations (10-* to 10-5) was found to increase the ampli- 

tude; it sometimes increased the rate but usually decreased it. In higher con- 
centrations eserine decreased both amplitude and rate. It stopped the beat 
only in a concentration of 10-%. This action of eserine can be explained by its 
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inhibitory action on cholinesterase on the basis of earlier observations in 
which it was found that acetylcholine is synthesized in auricular muscle, and 
that the rate of synthesis is closely connected with the maintenance of 
rhythmic contractions (Biilbring & Burn, 1949). 

When rabbit’s auricles had been beating for 24 hr they were found to be 
more sensitive to eserine. The same concentration, which stimulated on the 
first day, caused inhibition or arrest on the second day. 

When auricles were kept in the refrigerator and put up on successive days in 
oxygenated Locke solution at 29° C they readily resumed activity up to 6 days 
after removal from the body. From day to day their sensitivity to eserine 
changed. A given concentration, e.g. 10-5, at first increased the beat, later 
depressed and finally, on the 5th or 6th day, stopped it. 

Cholinesterase activity was found to decline within 24 hr to a third of 
normal control values. In vigorously beating auricles the acetylcholine 
synthesizing power shows no decline in 24 hr and only a slight fall in 48 hr 
(Biilbring & Kordik, unpublished work). The increasingly inhibitory effect of 
eserine may then be explained by a deficiency of cholinesterase in the auricle 
at a time when the production of acetylcholine is still vigorous. 
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The cholinesterase content of the cat’s iris after removal of the 
ciliary ganglion. By Brenpa M. ScuorteLp. Department of Pharma- 
cology, University of Oxford 

Keil & Root (1941) found that after removal of the ciliary ganglion in cats, the 


sensitivity of the iris to acetylcholine increased, and after 5 days reached a 


maximum which persisted until the 18th day. Thereafter the responses 
decreased until they reached a steady level nearer normal approximately 
35 days after denervation. To correlate these findings with cholinesterase 
activity, the right ciliary ganglion was removed in a series of cats, and the 
cholinesterase activity of the normal and denervated iris was estimated 
2, 7, 21 and 35 days later. It was found that the enzyme activity decreased 
steadily after denervation, until at 21 and 35 days a 50% fall was recorded 
when acetylcholine and acetyl-8-methylcholine were used as substrates, and 
a 25% fall when benzoylcholine was used as substrate. There was no indication 
of a return to normal cholinesterase activity. It is concluded therefore that 
the trend towards normal sensitivity to acetylcholine in the cat’s iris seen 
18 days after removal of the ciliary ganglion is not due to a change in cholin- 
esterase activity as was suggested by Keil & Root. 
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The capillary damaging effect of different iron preparations. 
By J. A. Nissim. Department of Pharmacology, Guy’s Hospital Medical 
School 

In a previous communication to the Society (Nissim, 1952) it was shown that 

iron preparations, such as ferric glucosate and ‘ferrous chloride ascorbate’, 

which produced pulmonary haemorrhages when injected intravenously into 
animals in relatively small doses (20-40 mg Fe/kg), possessed marked anti- 
coagulant activity. It remained to be seen whether this by itself was in fact 
responsible for the haemorrhages. The addition of heparin to saccharated 
iron oxide, however, in quantities sufficient to raise its anticoagulant activity 
to that of ferric glucosate, did not result in haemorrhagic lesions comparable 
to those of the latter. Another factor apEntes to be concerned in the pro- 
duction of these lesions. 

Study of lung sections after doses of ferric glucosate containing 20 mg 
Fe/kg showed marked capillary oedema without haemorrhage. The hae- 
morrhagic lesions at the higher dose levels were evidently due to a combination 
of marked capillary injury and anticoagulant effect. After ‘ferric chloride 
lactate’ pulmonary oedema was the presenting toxic feature and appeared to 
be the immediate cause of death. One animal actually spouted oedema fluid 
whilst the preparation was still being injected. In the case of this preparation, 
therefore, capillary injury is more prominent than the anticoagulant effect. 

Histological studies have shown that capillary injury is produced by many 
iron preparations. The injury occurs in three stages. The earliest change con- 
sists in shortening and thickening of the cells lining the alveoli so that their 
nuclei lie closer together. The alveolar spaces become shrunken in size, giving 
an appearance of semi-collapse. This is probably caused by acute oedema of 
the alveolar cells resulting in their swelling with consequent loss of elasticity 
and shortening. In the next stage, oedema fluid appears in the alveolar air 
sacs, when these may distend again, giving the lungs a more solid consistency. 
In the third stage, oedema fluid also collects in the pleural cavities. Where the 
production of capillary injury is associated with high anticoagulant activity, 
as in the case of ‘ferrous chloride ascorbate’, massive pulmonary haemorrhages 
result. Capillary injury seems to play an important role in the toxicity of 
‘ferric hydroxide ferrous ascorbate’, ferrous ascorbate, ferric ammonium 
citrate, ferric tartrate and Ferronascine (Roche), and histological sections 
show a triad of oedema, semi-collapse, and haemorrhage. Saccharated iron 
oxide appears to possess the least capillary damaging effect in addition to 
being the least active as anticoagulant. The mechanism by which this 
capillary injury is produced is independent of the diffusibility (or particle 
size), precipitation or valency of the preparation. 
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The effect of adrenaline and noradrenaline on the foetal circulation. 
By A. C. Dornuorst and I, Maureen Youne 


Augmentation and diminution of sensitivity to sympathomimetic 

amines by denervation of the cat’s nictitating membrane. 

By J. H. Burn and A. Firecxenstein. Department of Pharmacology, 

University of Oxford 
After extirpation of the superior cervical ganglion the cat’s nictitating mem- 
brane becomes hypersensitive to a number of sympathomimetic amines; 
these are: adrenaline, noradrenaline, epinine, corbasil, 3:4-dihydroxyephe- 
drine, 3:4-dihydroxyphenylethylamine, 3:5-dihydroxyphenylethylamine and 
neosynephrine. The sensitization is greatest for noradrenaline, epinine, 
corbasil and dihydroxyephedrine. All these substances, except neosyne- 
phrine, have two hydroxyl groups on the ring. 

In contrast to the substances mentioned, amphetamine, methedrine and 
pholedrine are nearly ineffective on the denervated membrane. Tyramine and 
B-phenylethylamine are also considerably less active after denervation. These 
five substances have two hydrogen atoms on the f-carbon of the side- 
chain. 

The effects of ephedrine, p-hydroxyephedrine, 8-phenylethanolamine and 
p-hydroxyphenylethanolamine are unchanged or only slightly diminished 


after denervation. These substances have a hydroxyl group on the f-carbon | 


of the side-chain. 


Antihistamine action in the anaphylactic shock of the guinea-pig. 
_ By P. Anmrrace, H. and L. Rosa. Surgical Unit, University 
‘ College Hospital, London, W.C. 1 


The microshock method has been used for determining the protective effect of 
graded antihistamine doses in mild anaphylactic shock. The preconvulsion 
time, the duration of which indicates the degree of protection given by a 
particular substance (Herxheimer, 1952), was estimated. Protection -by the 
different antihistamines increased with increasing doses and approached a 
maximum, beyond which a further increase in dosage did not lead to a further 
increase in protection. The maximum protection given was in most cases only 
partial, i.e. symptoms of anaphylactic shock could not be prevented although 
they were much delayed and milder. 

There was a stronger group (promethazine, mepyramine and chlortri- 
metone) and a weaker one (tripelennamine, diphenhydramine, chlorcyclizine 
and antazoline). Each substance had its own characteristics. With prome- 
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thazine, for instance, protection began with 0-025 mg/kg and reached its 
maximum with about 0:25 mg/kg. Mepyramine gave a similar dose-response 
curve with a higher dose giving the maximum effect. With tripelennamine 
protection was fairly constant from 0-01 to 3-0 mg/kg and was only moderate; 
but the toxic dose of 30-0 mg/kg gave a much higher protection. Diphen- 
hydramine gave protection from 0-2 mg/kg, and this remained constant until 
6-0 mg/kg, whilst 12-0 showed a higher degree of protection. 

The lowest doses beyond which a significant increase of protection was not 
observed were frequently of a similar order as those used in human asthma. 
A further similarity is that in man protection by antihistamines is also only 
partial, and that an increase in dosage beyond a certain limit does not bring 
additional benefit. The similarities of antihistamine action in the guinea-pig 
and in human asthma make it unlikely that their effect in man is caused by 


their sedative action or by a psychological influence. 


REFERENCE 
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Incidence of feline pneumonitis in laboratory cats. By Parricia 


P. Scorr. Department of Physiology, — Free Hospital School of 
Medicine, London 


Respiratory infections retard the growth rate of kittens reared in the labora- 
tory, sometimes proving fatal. A serous nasal discharge, sneezing and lachry- 
mation, with, in severe cases, salivation, anorexia, cynosis and a low rectal 
temperature, are the early symptoms of pneumonitis. These are accompanied 
by the appearance of haemorrhagic patches in the lungs. Two to four days 
later, a purulent discharge issues from nasal passages, sinuses, eyes and middle 
ear. Consolidation occurs in the lungs and respiration becomes noisy. Pre- 
liminary experiments, carried out with the help of Dr C. H. Smith of the 
Institute of Ophthalmology, suggest that the primary organism involved is 
a virus of the psittacosis group, probably similar to that first described by 
Baker (1944) in America, and isolated by Hamre, Rake & Rake (1947). The 
incidence at different ages is shown below for one epidemic: 


Total Free of Mild Severe 
no. cats Group symptoms symptoms symptoms Losses 
8 Adults, ¢ and 9, pon -pregnant or lactating 3 4 1 Nil 
7 Adults, 5 2 
15 Kittens, ¢ and 9, 2-8 months old — 5 10 Nil 


13 Kittens, d and 9, 3-5 weeks old 1 12 12 


The period of incubation was 5-8 days. Of all cats exposed, only three were 


immune, two of which were known to have recovered from a severe attack of 
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pneumonitis 12 months previously. The death-rate was very high among 
kittens 3~5 weeks old. A litter born during the epidemic was immune for the 
first 3 weeks, but then developed typical symptoms. Five females in the later 
stages of pregnancy suffered partial or complete abortions. Recovery 
occurred in 21-36 days, according to the severity of the initial symptoms. 
Recovered cats have made perfectly satisfactory preparations for physiological 
experiments, but it would be unwise to administer respiratory anaesthetics 
while the disease is in progress owing to the extensive lung damage. 
Secondary infections due to bacteria can be controlled by subcutaneous 
injections of penicillin or sulphathiazole (Scott, 1951). Corneal ulceration can 
be prevented by frequent irrigation of affected eyes with solutions containing 
sulphathiazole or organic silver compounds, with the addition of ephedrine to 
reduce conjunctival swelling. 


The cats were maintained with the help of a grant from the University of London. 
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Cation exchange in chicken blood. By M. Maizgets. Department of 
Clinical Pathology, University College Hospital 
Respiration in the non-nucleated human erythrocyte is very slight and glyco- 
lysis energizes active cation transport, which is unaffected by such respiratory 
poisons as cyanide (0-01m) and carbon monoxide (Maizels, 1951). Chicken 
TaBLE 1. Effects of incubation on cation transport in chicken blood stored for 7 days at 4°. 


Original blood: cells, K 84, Na 12 m.equiv/1.; oe Incubated 
suspension: erythrocytes 1 part; 


Concentrations Concentrations 


*Cell content m.equiv/l. m.equiv/l. 
cial treatment Hr Cell m.equiv/l. cell water plasma water 
(during incubation at r A 
only) # K Na K Na K Na 
None 0 7:37 54 43 75 60 13 127 
None 4 750 81 12 118 17 10 130 
Cyanide 0-002 m 4 7-40 48 66 75 14 126 
Cyanide 0-001 m 4 7:44 56 42 78 58 13 127 
Carbon monoxide 4 7-38 56 42 78 58 13 127 
Deoxygenation 4 7-54 63 38 87 50 12 128 


* Contents referred to original cell volume; this correction does not apply to concentrations. 


erythrocytes are nucleated and respire; stored at 4° they gain Na and lose K - 
in conformity with the concentration gradients, while at 37° in the presence of 
glucose Na leaves and K enters the cells of stored blood against the respective 
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gradients. In this, chicken cells resemble human erythrocytes, but differ in 
that active cation transport is inhibited by cyanide (0-002m), by CO and by 
incubation after oxygen has been removed in vacuo (Table 1). Active trans- 
port in chicken cells is thus based mainly or entirely on respiratory activity 
and so compares with cation transport in kidney cells (Conway, Fitzgerald & 
MacDougald, 1946) and frog’s skin (Ussing, 1949). Sodium efflux is about 
twice as rapid in chicken erythrocytes as it is in the human cell. Cation 
transport in tortoise erythrocytes is also inhibited by cyanide. ? 
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Sympatholytic drugs and the adrenal glands. By Mary F. Locxerrt. 
School of Pharmacy, Bloomsbury Square, London, W.C. 1 


Biilbring (1949) first demonstrated the methylation of noradrenaline to 
adrenaline by minced suprarenal gland, and found that added adenosine 
triphosphate was essential for this methylation. 

Lockett (1952) confirmed Biilbring’s work, and extended it by showing that 
minced suprarenal glands demethylate adrenaline to noradrenaline in the 
absence of added ATP. 

Ergotoxine ethanesulphonate, tolazoline hydrochloride (priscol), or diben- 
amine, added to suspensions of adrenal glands, suppress the demethylation of 
adrenaline and cause methylation of noradrenaline in the absence of added 
ATP. Sympatholytic drugs therefore act like ATP in this respect, and 
make ATP no longer essential for the methylation of noradrenaline in vitro. 

Similar action results from the in vivo use of sympatholytics. Suspensions 
‘made from the adrenal glands removed from animals after ‘adrenaline reversal ’ 
had been induced with any one of these three sympatholytics, methylated 
noradrenaline to adrenaline in the absence of added ATP. Suspensions of 
control glands, removed from the same animals prior to the injection of a 
sympatholytic drug, demethylated adrenaline to noradrenaline in the absence 
of added ATP, and methylated noradrenaline to adrenaline in the presence of 
either added ATP, or an added sympatholytic drug. 
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Sham feeding in man. I. Macpona.p and W. R. SPuRRELL 
c3 


g 
h 
e 
| ar 
ns. 
‘ a 
| 
> 
)- 
5 
4 
ig 


88 P PROCEEDINGS OF THE PHYSIOLOGICAL 


Refractometry of living cells. By R. Barer and K. A. F. Ross. 
Department of Human Anatomy, University of Oxford 

A method for determining the refractive index of living cells was suggested by 
the chance observation that the amoebocytes in earthworms’ blood presented 
an unusual appearance under phase-contrast microscopy. Whereas most living _ 
cells appear dark with positive phase-contrast, the cytoplasm and some in- 
clusions of the earthworm amoebocytes were bright, i.e. reversed in contrast. 
The explanation is that earthworm blood contains dissolved haemoglobin, so 
that the refractive index of the immersion fluid is higher than that of parts of 
the cell. If the blood were suitably diluted, at some stage parts of the cell 
would become invisible, and the refractive index of those parts would be equal 
to that of the immersion fluid. The high sensitivity of phase-contrast and 
interference contrast microscopy enables the match to be made with good 
accuracy. A convenient source of readily available non-pigmented protein is 
a commercial Bovine Plasma Albumin preparation in the form of a dry powder. 
This dissolves in water up to about 35%, and isotonic solutions were without 
apparent effect on cell structure or motility. Living cells were mounted in 
protein solutions of different concentrations and observed for minimum 
visibility or disappearance under both positive and negative phase-contrast, 
and in the Dyson (1950) interferometer microscope. The refractive index of the 
solution can then be measured, but it is more instructive to express the results 
in terms of the protein concentration, for this is also, to a good approximation, 
the concentration of total solids in the cell (see Davies & Wilkins, 1952). 

A variety of plant and animal cells has been studied. The cytoplasm of the 
primary spermatocytes of the snail Helix aspersa contained about 15% solids 
and no significant differences were found in cells at different stages of matura- 
tion. The pseudopodia of snail amoebocytes, though extremely tenuous, 
nevertheless contained approximately the same concentration. The cytoplasm 
of human oral epithelium cells contained between 12% to over 15%, depend- 
ing apparently on the degree of cornification, the more cornified cells being 
less hydrated. Observations on the locomotion of Amoeba proteus showed 
that, whereas the concentration in resting cytoplasm generally approached or 
sometimes exceeded 10%, that in the hyaline leading edge of a pseudopodium 
was sometimes as low as 24%. This suggests that amoeboid movement is 
accompanied by a redistribution or influx of water, resulting perhaps in a gel- 
sol transformation. 

As described elsewhere (Barer, 1952) the determination of phase-difference 
(refractive index x thickness) by interference microscopy has been used to 
measure the dry weight of living cells. A combination of phase-difference and 
refractive index now makes possible the determination of (1) total dry weight, 


(2) concentration of solids, (3) concentration of water, (4) cell thickness, 
(5) cell volume. 
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Closure of the larynx. By G. M. Arpravy, F. H. Kemp and L. MANen. 
The Nuffield Institute for Medical Research, University of Oxford 


Closure of the larynx during vocalization, swallowing and other manceuvres is 
usually thought to be effected by closure of the glottis (apposition of the vocal 
cords). Closure by means of the false cords may prevent expiration but is not. 
believed to play any part in normal phonation (Negus, 1949). Muscular 
closure of the superior aperture of the larynx was also described by Stuart 
(1892) as a result of direct observations. 

We have used cinematography of the X-ray fluorescent screen at 25 frames 
per second to study the behaviour of the larynx during swallowing (Ardran & 
Kemp, 1951, 1952), breathing and phonation. Several examinations of each of © 
more than 200 normal young European adults of both sexes have been carried 
out. Studies have been made of the air and food passages with and without 
the use of X-ray-opaque contrast media. 

During voluntary cessation of breathing the whole of the larynx (i.e. the 
lumen. above the level of the vocal cords) may become airless. Closure is 
effected by apposition of the true and false cords and contraction of the whole 
of the laryngeal vestibule. During phonation there is a variable narrowing of 
the whole lumen of the larynx and complete closure occurs during a ‘glottal 
stop’. This complete closure is analogous to that in swallowing, except that 
the larynx is not raised or arched backwards. Complete closure may occur 
during voluntary cessation of respiration, weight lifting, balancing, bearing 

We therefore conclude that normal closure of the larynx consists of the 
obliterating of the whole lumen, involving apposition of both true and false 


| vocal cords and contraction of the whole of the vestibule. 
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Reflex changes in tidal air. By Gwenpa Barer and E. Nissen. 
The Nuffield Institute for Medical Research, University of Oxford 


Injection of 2-«-naphthylethylisothiourea into a cat has been shown to cause 
various reflexes coming from the heart and lungs (Dawes, Mott & Widdicombe, 
1951). It was thought of interest to see whether the reflex responses might 
include, besides their effect upon the cardiovascular system and respiratory 
musculature, some action upon the bronchial muscles. In order to test this 
‘possibility the tidal air was measured during positive pressure ventilation of © 
cats anaesthetized with chloralose, and it was found that injection of 2-c- 
naphthylethylisothiourea in doses sufficient to cause reflex changes of respira- 
tion, blood pressure and heart rate, also much reduced the tidal air. This 
response was abolished by cutting the vagi. It remains to be seen to what 
extent this change in tidal air is due to bronchoconstriction. 
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Trophoblastic tissue within the lungs during pregnancy. By 


W. W. Parx. Department of Physiology, University College, Dundee 
(UOniwersity of St Andrews) 3 


Ever since the original observation of Schmorl (1893) it has been generally 
accepted that there is in the human a constant passage of particles of tropho- 
blastic tissue, and even maybe of entire chorionic villi, from the placenta to 
the'lungs throughout pregnancy (see, for example, Novak, 1947). An attempt _ 
has been made by examining sections of lung taken from 106 women who died 
at varying times during pregnancy and the puerperium to assess the frequency 
with which this phenomenon occurs. A control series of sections of lung tissue 
from 52 non-pregnant subjects has also been examined. 

Unusually large cellular structures were seen in many of the sections in both 
series. Any structure was regarded as an unusual finding in lung tissue if it 
was obviously larger than a monocyte, and not obviously a pathological finding 
such as, for example, a foreign body giant cell. For purposes of classification 
the structures seen were divided into three types: 

Type I: Nucleus: a mass of chromatin of varying shape but essentially 
uniform in architecture, i.e. not multilobular.. Cytoplasm: minimal in amount, 

‘if indeed visible at all. 

Type II: Nucleus: a mass of chromatin of any shape but undoubtedly 

multilobular in architecture. Cytoplasm: as in Type I. 


Type III: Nucleus: a definitely multinuclear architecture. Cytoplasm: 
variable in amount but clearly recognizable. 
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: Type III structures were found almost exclusively within blood vessels. 
Type I and Type II structures were seen both within and without blood 
vessels. 

0 _ The occurrence of Type I and Type II structures is certainly not a finding 


peculiar to pregnancy. They were found in many of the control sections and 
are regarded as megakaryocytes. Type III structures were found significantly 
more frequently in the sections from pregnant women, 39 out of 106, than 
in those of non-pregnant subjects, 5 out of 52 (P<0-01). Since, however, 
Type III structures are seen occasionally in non-pregnant subjects there is 
some doubt whether, when they do appear in the pregnant woman, they are of 
specifically placental origin. This matter is being investigated further. 

No structures recognizable as chorionic villi were seen in any of the sections. 
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The effects of nicotine on muscle blood-flow. By 8S. M. Hizron. 
Physiological Laboratory, University of Cambridge 

It has been suggested (Hilton, 1952) that, after tetanization of a voluntary 
muscle, the post-contraction increase in blood-flow is brought about by an 
axon reflex. It can be shown that posterior root fibres are not involved, but 
that the response is almost completely abolished by intramuscular injections of 
cocaine. If sympathetic vasodilator fibres are involved, it should be possible to 
abolish the response with nicotine. — 

All the observations were made on the venous outflow from the gastrocne- 
mius muscle of the cat, the animals being under chloralose anaesthesia. 

First, the effects were studied of small doses of nicotine tartrate given by 
arterial injection. Doses of the order of 1 ug give rise to a local vasodilatation, 
which is the result of a direct action on the vessel-walls and is abolished by 
atropine: Doses of the order of 100 yg appear, in addition, to stimulate vaso- 
dilator neurones. 

These larger doses of nicotine give rise almost invariably to a marked con- 
striction, following the dilatation. In the animals in which this was most 
marked, arterial injections of 0-1-1-0 ug acetylcholine had a similar, though 

_oceeepath less marked, constrictor effect, again following the usual dilatation. 
These constrictor effects are abolished by 7337 (Ciba), and could be due to the 

stimulation of constrictor neurones. 

1 mg of nicotine tartrate, given by arterial injection and left in the muscle 

| for 3-4 min, at first abolishes all responses to smaller doses, a small dilator 
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response subsequently reappearing. There is complete abolition of the post- 
contraction increase in blood-flow. 
Thus, additional support is provided for the original hypothesis. 
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The extensor plantar response after ischaemia of the leg. By 
R. W. Gruutuatr. The National Hospital, Queen Square and The Middlesex 
Hospital, London | 

After a period of ischaemia of a limb, the peripheral nerves pass through 

a phase of hyperexcitability; on the afferent side this is manifested by post- 

ischaemic paraesthesiae (Merrington & Nathan, 1949). 

In a spastic paraplegic or hemiplegic patient, ischaemia of the leg may 
be followed by a hyperexcitable phase, during which an extensor plantar 
response with reflex flexion withdrawal of the leg is very easy to elicit by light 
tactile stimuli, previously ineffective. This appears to be a specific local effect 
on the afferent fibres during recovery from ischaemia, and no comparable 
change occurs in the other limbs. This transient exaltation of flexion with- 
drawal reflexes during the period of recovery is not part of a general increase 
in all the spinal reflexes in the limb concerned, for extensor hypertonus 1s 
temporarily diminished and patellar and ankle clonus may disappear. In 
suitable patients the increased flexion-withdrawal responses after ischaemia 
may be accompanied by crossed extension of the opposite leg where this was 
minimal or absent before. 

In healthy subjects the flexor plantar response never becomes extensor after 

ischaemia, but may be elicited by lighter stimuli than before. During this 

_ period involuntary twitches of the hip flexors also occur in response to light 

stimuli such as handling the foot or pinching the toes. This minimal hip 

flexion response is qualitatively similar to that which occurs in early pyra- 
midal lesions, and may be of such a degree as to be indistinguishable from it. 

After a period of ischaemia of 20-40 min from a pneumatic cuff round the 
thigh an increase in excitability of the type described has occurred in forty out 
of the first fifty plantar responses tested. This increase has been graded as 
marked (eight cases), moderate (eighteen cases), or slight (fourteen cases), as 
compared with the resting condition of the leg. 

In patients with early pyramidal lesions and equivocal plantar responses 
a period of ischaemia may on occasion prove helpful in deciding whether or not 
an early extensor response is present. 


By the kindness of the Director of the R.S.M. Photographic Unit, a short film has been prepared — 
showing the effect of ischaemia in a paraplegic patient. 
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| Tapetal reflexion and its influence on some visual functions 


of the cat. By R. A. WEALE 


Impulses in efferent cerebellar fibres. By I. Catma. Physiological 
Laboratory, Department of Physiology and H satology, The University of 
Inverpool 

The purpose of these experiments was to record the activity in efferent cere- 
bellar fibres and to determine the response of the cerebellum to physiological 
stimuli. Recordings were taken in decerebrate cats from the fibres of the 
brachium conjunctivum at their decussation by means of a steel needle 
electrode insulated up to the tip and introduced by means of a stereotaxic 
instrument. At the end of the experiment iron was electrolytically deposited 
from the electrode tip, and the position of the spot giving the Prussian blue 
reaction checked histologically in serial sections. 

As the electrode penetrates into the midbrain an area of spontaneous and 
continuous activity is found when the electrode tip reaches the region of the 
decussation of the brachium conjunctivum. Single fibre recordings show that 
the frequency of discharge varies in different fibres and according to the con- 


ditions of the experiments (rigidity, etc.), but is usually in the range between 


20 and 40 per sec. This continuous and spontaneous activity is maintained 1 in 
decerebrate curarized preparations. 

The spontaneous activity is increased by sensory stimuli of a physiological 
nature such as have been used for these experiments, e.g. pressure, touch, 
passive movements. Single-fibre recordings show that these stimuli increase 
the frequency of discharge in the efferent cerebellar fibres or may recruit into 
activity units which were previously silent. Inhibition of spontaneous activity 
was never observed. 

The essential feature of the effects of sensory stimuli on the cerebellar out- 
put is the wide differences in the way in which the different units respond. 
Thus the duration of the discharge, the occurrence of an after-discharge, the 
localization of the response, and the extent of the peripheral area activating 
a particular cerebellar fibre, show wide variations for different cerebellar units. 


Visual pigment 519 and its correlation with the spectral sensitivity 
of Xenopus laevis. By H. J. A. DaRTNALL 


Interrelation of thalamus and sensorimotor cortex. By P. Gurzs. 
University Laboratory of Physiology, Oxford 

Functional recovery following motor cortex lesions (Glees & Cole, 1950) or 

sensory cortex lesions (Cole & Glees, 1951) makes it difficult for one to assume 

that there is a point-to-point projection of thalamic neurons on to the sensory 
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cortex, or a point-to-point projection of a sensory subdivision on to the motor 
subdivision. An explanation for functional recovery after motor or sensory 
cortex lesions, based on experimental evidence, will be put forward in a 
diagrammatic representation of intrathalamic connexions, thalamocortical 
connexions and intracortical connexions. Sensory overlap in the thalamus 
enables sensory signals from subdivisions of the body to reach larger parts of 
the sensory cortex than previously assumed. Additional channels may be 
provided for by internuncial cells of the thalamus which by reorganization are 
able to project on to undamaged portions of the sensory cortex. Functional 
recovery, including full motor ability, after ablation or undercutting of the 
sensory cortex implies that sensory information reaches the intact motor 
cortex. This necessitates a less strict sensorimotor connexion. Apart from the 
suggested scheme the possibility of direct connexions of a sensory nature 
between thalamus and motor cortex must be considered. Even those impulses 
coming through the cerebellum may of course furnish the motor cortex with 
the necessary sensory information to execute its appropriate motor function. 
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‘The site of antidromic vasodilatation in the rabbit’s ear. By 
S. M. Hitron and Hotton 


Quantitative aspects of the monosynaptic reflex. By A. J. Benson and 
A. A. Jerrerson. Department of Physiology, University of Manchester 


We have attempted to calibrate the monosynaptic response evoked by stimu- 
lation of muscle afferents in the spinal cat in terms of the size of the available 
motoneurone pool. Using myographic methods, Cooper, Denny-Brown & 
Sherrington (1926) and Denny-Brown (1929) reported such estimates for the 
ipsilateral flexor reflex and for the myotatic reflex respectively. Myography 
explores the response of the whole muscle, whereas ventral root discharges 
reveal only the activity in that portion of a muscle’s motoneurone pool which 
is represented in a particular root. 

On the right side the maximal reflex response to single shock stimulation of 
muscle afferents has been recorded from the appropriate severed ventral root. 
The antidromic response evoked by maximal stimulation of the same muscle 
nerve of the opposite side of the body, was recorded on the left ventral root, 
divided as close as possible to the cord. We have assumed that the two sides of 
the body are similar as regards muscle nerve and ventral root fibre distribu- 
tions. The short length of the ventral root makes it impossible to obtain 
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quantitatively comparable records of the reflex and antidromic responses on 
the same side of the body. Care was taken that the physical conditions of 
recording from the two sides should be similar. Examples of the results are 
given in the following table: 


Percentage of 
: motoneurone pool 

which was activated 

Expt. no. Muscle nerve stimulated — (recorded on S1, VR) 
C.76 Medial popliteal 42 
Biceps and semitendinosus 16 
C. 81 Medial popliteal 21 
Hamstring nerve <1 
C. 100 Medial head of gastrocnemius 26 
C. 107 Medial head of emius 7 13 
Lowest nerve of biceps 15 


The variability in the fraction of the pool fired in different experiments is 
probably dependent upon the excitability of the spinal ‘centres’ (cf. Cooper 
et al. 1926). 

It is of interest that sometimes after 1 min tetanus (frequency 250/sec) we 
have observed that the largest reflex response in the period of post-tetanic 
potentiation (Lloyd, 1949) involved nearly the whole available motoneurone 
pool. In support of this interpretation, we have frequently observed that 
facilitation of monosynaptic responses between synergic muscles is abolished 
at the peak of potentiation, to become evident again only as potentiation 


declines. 
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The effect of ventilation on pulmonary blood flow in the new- 
born lamb. By G. 8. Dawes, J. C. Mort, J. G. WrppicomsBE and 
D. G. Wyatt. Nuffield Institute for Medical Research, University of Oxford 


Artificial positive pressure ventilation of the lungs of the foetal lamb has been 
shown to cause an immediate fall of pressure in the pulmonary arterial trunk 
(Ardran, Dawes, Prichard, Reynolds & Wyatt, 1952). This was attributed to 
a decrease in pulmonary vascular resistance on ventilation, and the experi- 
ments to be described were designed to test this hypothesis. 

Foetal lambs were delivered by caesarian section and the volume of blood 
flowing per second through the left pulmonary artery was measured, together 


with the pulmonary arterial pressure, left auricular pressure and femoral 


arterial pressure. Positive pressure ventilation in foetuses which were nearly 
mature caused a great increase in pulmonary blood flow and a fall in the blood- 
pressure difference across the lungs. In a series of experiments, a decrease of 
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pulmonary resistance was observed, varying between 50 and 90%. The change 
occurred within 10 min of inflation with air, oxygen or nitrogen. 

Temporary occlusion of the ductus arteriosus before ventilation caused a rise 
in pulmonary arterial pressure of 50% or more, and an equivalent increase in 
pulmonary blood flow, while the femoral arterial pressure was reduced. 
Occlusion of the ductus arteriosus some minutes after ventilation caused 
a decrease in both pulmonary arterial pressure and pulmonary blood flow, 
while the femoral arterial pressure increased. This demonstrates that after 
ventilation, the reduced pulmonary vascular resistance permits the pulmonary 


arterial pressure to fall below that in the aorta, with the consequence that — 


blood may flow to the pulmonary system through the ductus, if the latter is 
open. This reversal of flow down the ductus arteriosus has been seen to occur 
irrespective of whether the umbilical cord is tied or not. Measurements of the 
percentage oxygen saturation of the pulmonary and carotid bloods at this 
time indicate that more than half of the pulmonary flow may be contributed 
from the systemic circulation under these conditions. It is evident that the 
changes in pulmonary vascular resistance on ventilation may be of great 
importance in determining the course of the neonatal circulation. 
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Rapidly adapting mechanoreceptors in the trachea of the cat. By 


J. G. Wippicomse. Nuffield Institute for Medical Research, University 


of Ozford 


Sensory receptors in the trachea and main bronchi of the cat have been 
studied by recording action potentials from single fibres in the cervical vagi. 
The animals’ right lungs were artifically ventilated and the left pulmonary 
lobes tied off, so that respiratory afferents in the left vagus came only from the 
trachea and left main bronchi, apart from a few fibres crossing over from the 
right side of the chest. i 

Receptors were identified which gave short responses to distension and to 
collapse of the air passages, but which did not continue to discharge while the 
pressure change was maintained; the receptors gave a similar short response 
on release of the deforming pressure. They could be excited by touch from 
within the trachea, and localization in this way showed that they were almost 
entirely restricted to the trachea, with the greatest concentration at the 
tracheal bifurcation. They were sensitized by the inhalation of powdered talc. 

In cats breathing spontaneously both distension and collapse of the trachea 
and main bronchi produced a short expiratory effort, and release of the 
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deforming pressure had the same effect. Touching the inside of the tracheal 
wall also causes an expiratory effort, and this reflex, which is presumably 
associated with coughing, is most easily derived from the tracheal bifurcation 
and is almost absent from the main bronchi. Since inhalation of powdered 
talc leads to coughing with prominent expiratory efforts, it is thought that the 


_ rapidly adapting tracheal receptors play a part in the cough reflex. 


~The action of inhibitory nerve impulses on the surface membrane | 


of crustacean muscle fibres. By P. Farr and B. Karz. Biophysics 
Department, University College, London 


Crustacean muscles are supplied by inhibitory nerve fibres whose effect is to 
reduce the electrical and mechanical response produced by motor nerve 
impulses. In our present work the local action of inhibitory impulses on the 
electrical properties of the crustacean muscle-fibre membrane has been studied 
using the technique which has been applied to } motor end-plate of frog 
muscle (Fatt & Katz, 1951). 

It has been shown by Marmont & Wiersma (1938) and Kuffler & Katz (1946) 
that ‘end-plate potentials’ (e.p.p.) of crustacean muscle are reduced in 
amplitude by preceding inhibitory nerve impulses. We have confirmed this, 
using the opener of the claw of the hermit crab and the flexor of the dactylo- 
podite of Carcinus. 

In addition, however, we observed that in some Ree inhibitory impulses 
alone raised the resting potential, producing inverted e.p.p.’s of rather slow 
time course. This effect agrees with the early observation of Biedermann (1887), 
but it was small and not regularly obtained. Further experiments showed 
that the occurrence of this inhibitory potential depended upon a low initial 
level of the resting potential; it could always be evoked by first lowering the 
membrane potential with applied outward current; and if present initially, 
it could be abolished and reversed in sign by raising the resting potential with 
inward current. 

The simplest way of explaining the inhibitory potentials is to attribute 
them to an increase of the membrane conductance for ions which are in, or 
near, equilibrium at the normal resting potential—probably K or Cl ions. 
Thus, any initial displacement of the membrane potential from its resting 


‘equilibrium’ would tend to be cancelled by an inhibitory impulse. 


Quantitatively, this effect is rather small, amounting to a few per cent 
_ reduction of the initial displacement. The suppression of the e.p.p. amplitude 
by an inhibitory impulse is a much more powerful effect and occurs inde- 
pencanely of the initial level of the resting potential; it appears to require a 
separate ‘competitive’ action on the end-plate receptors. 
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Responses of single thalamic units to stimulation of the skin and 
of cutaneous nerves. By R. M. Gazz and G. Gorpon. Department 
of Physiology, University of Oxford 

The electrical activity of single nerve units in the cat’s thalamus has been 
investigated with monopolar electrodes of tip diameter 5-15. Each unit was 
first made active by electrical stimulation of a cutaneous nerve, in this case 
the saphenous, and subsequently, if possible, by mechanical stimulation of the 
skin in the territory of this nerve; in the former case the compound action 
potential of the stimulated nerve was always recorded. The thalamic units fell 
into four main groups: 

(a) Units responding to moving hairs or to light touching of the skin. The 
great majority of these responded to nerve stimulation which excited only 
« or B fibres, and only occasionally were 5 fibres involved. The latency (knee to 
thalamus) varied between 13 and 35 msec. 

(6) Units responding to heavy pressure, tapping or squeezing of skin. 
These only responded to nerve stimulation at 5 threshold. Latency 50- 
70 msec. 

(c) Units responding only to nerve stimulation at 5 threshold, but whose 
skin receptors were not identified. Latency similar to that of group (0). 

(d) Units responding only to nerve stimulation at C fibre threshold, the fast 
fibres having been blocked by cooling. The skin fee have not yet been 
identified. Latency about 600 msec. 

Most of these responses were recorded from n. nites dorsolateralis of the 
opposite side; this is in general agreement with the mapping of this region 
carried out by Mountcastle & Henneman (1949) for tactile responses. Ipsi- 
lateral responses from units in the first three groups, however, have also been 
found in this nucleus, and in this respect our observations differ from those of 
Mountcastle & Rose (1952), who found no evidence of ipsilateral activity. In 
our experience, ipsilateral and contralateral responses from the hind-limbs are 
to be found in the same part of the nucleus. 

Similar observations have been made on two monkeys (Macaca mulatta). 
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Afferent discharges from the extrinsic eye muscles of the cat. 
By Cooper and Marianne University Laboratory of 
Physiology, Oxford 

Muscle spindles are present in the extrinsic eye muscles of man, the higher 

apes and the artiodactyl branch of the ungulates; the electrical discharges 

from these organs have been recorded in fibres of the third nerve and in the 
brainstem of the goat (Cooper & Daniel, 1949; Cooper, Daniel & Whitteridge, 

1950, 1951). No spindles have been found in the eye muscles of the common 

laboratory animals and some doubt has been expressed as to the presence of 

low-threshold stretch receptors in these muscles. This communication describes 
typical short latency sustained single unit discharges in a branch of the third 
nerve of the cat on stretching the inferior oblique muscle. These discharges are 
compared with similar responses to stretching an eye muscle picked up in the 
brainstem of the cat by the use of a microelectrode and stereotaxic methods. 

Some at least of the cells of origin of the fibres from these stretch receptors lie 

in the mesencephalic nucleus of the fifth nerve. The receptors themselves are 

as yet unidentified, but it now seems likely that low threshold stretch receptors 
are present in the eye muscles of all mammals. _ 


REFERENCES 
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The spectral sensitivity of dark-adapted cats. By Ratru GunTER. 
M.R.C. Group for Research in the Physiology of Vision, Institute of 
Ophthalmology, London 

In order to determine to what extent the electrical response of the eye to photic 


. stimulation represents the visual capacity of the living animal, the spectral 


sensitivity of dark-adapted cats has been determined by the method of 
behaviour. Four cats were trained to respond to the darker of two light 
intensities. The constant stimulus was white light of very low intensity, the 
variable stimulus was filtered light from eight spectral regions produced by 
means of Ilford Spectrum filters. As the intensity of the variable coloured 
stimulus was reduced the response of the animal to the constant white light 
stimulus fell gradually from 100% to nought. From this distribution of 
response the intensity of the coloured light at the point of 50% response to 
either stimulus was determined for the eight regions of the spectrum isolated 
by the filters. The reciprocals of the corrected values were then plotted 
against the wavelength of maximum transmission of the respective colour 
filter and thus represent the different amounts of coloured light energy 
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necessary for a brightness match with the constant white light stimulus. The 
maximal sensitivity for the animals was found to lie in the region of the 
spectrum isolated by the blue-green and green filters. The agreement of the 
present data with Granit’s (1947) electrophysiological values for the cat’s 


spectral sensitivity is close and the same type of general correspondence is also. 


found with Kéttgen & Abelsdorff’s (1896) spectral absorption curve for cat 
visual purple. 
The results obtained in the present experiment indicate that the electrical 
response of the eye to photic stimulation corresponds to the visual capacity of 
the living animal—at least as far as scotopic spectral sensitivity is concerned. 
The data further strengthen the view that the distribution of spectral sensi- 
tivity in the dark-adapted cat can be fully explained in terms of visual purple 
absorption. 
| | REFERENCES 
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The effects of force and speed changes during negative work. 
By B. C. and Brenpa Biophysics and Physiology 
Departments, Unwersity College, London 


A bicycle ergometer was driven backwards by a motor, and oxygen consump- 


tion was measured during the negative work of resisting it. The rate of work | 


was varied between 0 and 0-4h.p. by varying independently the mean force 
exerted and the speed of pedalling. Average forces per revolution ranged from 
0 to 36 lb.; and six speeds of pedalling between 9 and 72 rev/min were used. 

Oxygen consumption increases rapidly with force at any given speed, but 
shows practically no variation when the speed is increased at constant force. 
Thus a given rate of negative work can be performed more efficiently as the 
speed of pedalling is raised. 

Even at the highest work rates the oxygen consumption is small compared 
with that required for an equal rate of positive work. These results can be 
anticipated from the force-velocity relationship for active muscle. 


Removal of acetylcholine from a limited region by diffusion. 
By A. G. Oaston 


Dorsal and root potentials in the new-born kitten. By J. L. Matcotm 


The effect of atropine and acetylcholine on dorsal and ventral 
root potentials. By J. W. Buaxtanp and A. F. Lever 
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_ Acetylcholine activity in the region of the hypoglossal nucleus. 
By D. W. Krennarp 


The Van Slyke method for counting radioactive carbon. By 
R. V. Coxon 


Microtome knife honing machine. By E. H. Scuuster 


Rapid and accurate preparation of respiratory gas mixtures. 
By D. J. C. CunnincHam 


A new microscope lamp. By R. Barer 


Degeneration of pyramidal fibres studied by a paraffin silver 
method. By P. Gizxs and T. A. Marstanp. Department of Physiology, 
University of Oxford 

The Glees silver method (Glees, 1946) has been pablo’ for frozen sections 

for use with brain tissues embedded in paraffin. In normal material nerve 

cells and non-myelinated fibres stain very clearly. Fibre and cellular features 
can be analysed in much thinner sections than is possible where frozen sections 
only are used. Even finer pathological changes such as degeneration of 

_ pyramidal fibres can easily be identified. For terminal changes on synapses, 

however, frozen sections are better. 


REFERENCE 
Glees, P. (1946). J. Neuropath, 5, 54. 


_ The termination of descending tectal fibres studied by the method 
of terminal degeneration. By M. tz Beauv and P. Guzxs. Depart- 
ment of Physiology, University of Oxford 

Large myelinated fibres, mainly from the region of the superior colliculus, 

pass through the medullary level and through the spinal cord as low down 

as the upper thoracic segments, While merely the general course of the fibres 
can be traced with the Marchi technique, our silver method gives the precise 
termination on cells of the medial reticular substance. Normally tectal fibres 
terminate with very small ringlike endings which swell up in the process of — 

_ degeneration and change in a characteristic way. This had been previously 

described by Glees for other parts of the central nervous system. As far as 

could be ascertained, tectal fibres terminate on the large cells of the reticular 
substance by axo-somatic contact. 
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Ganglion cells in the mammalian tongue. By F. W. Garens and 
H. 8. D. Garven. Institute of Physiology, University of Glasgow 

This work is an extension of observations already made on 1 the gum and 

palate (Gairns, 1951). 

Schumacher (1926) and Kolmer (1927) recognize the existence of ganglion 

cells in the vallate papillae. More recently Kane (1950, personal communi- 
_ cation) has investigated the possible relationship of these ganglion cells to the 
sense of taste. Kolmer (1927) also states that larger compact ganglia exist in 
most mammals, including apes and man. These ganglia lie deeper in the sub- 
stance of the tongue. Okamura (1936) shows figures of ganglia within the 
musculature of the tongue of the cat. On the other hand, Carleton (1938), 
using the rabbit, Weddell, Harpman, Lambley & Young (1940), using the rat, 
and Boyd (1941), also using the rabbit, do not report the presence of any 
ganglion cells within the tongue. 

Our findings are as follows. In the rat, hedgehog and man there are ganglion 
cells within and below the vallate papillae. In the rat, rabbit and man they 
have also been found at the edge of the tongue posteriorly in the region of the 
foliate papillae. In the cat and man a few have been seen deep to fungiform 
papillae on the upper surface near the tip of the tongue. In the rat, rabbit, cat, 
hedgehog and man small and large ganglia have been observed in intimate - 
relationship to the intrinsic serous and mucous glands of the tongue (Fig. 1). 
In the rat, cat, hedgehog and man small groups of ganglion cells have been 
found closely associated with the walls of the arteries. In the rat, rabbit, cat 
and hedgehog small and large groups of ganglion cells have been observed on 
the course of intramuscular nerve bundles at considerable distances either 
from glands or from the surface epithelium. In the rat and cat some of the 
cells lie on the course of very small nerve bundles in close proximity to the 
motor end-plates supplied by these bundles (Fig. 2). These last are reminiscent 
of cells figured by Kulschitsky (1924) in snake muscle. In man small ganglia lie 
between the epithelium of the upper surface and the subjacent muscle or gland. 

In considering the functional significance of these findings it is necessary to 
examine the following possibilities. The ganglion cells in some instances may 


be related to (a) the taste buds and/or other sensory endings in the vallate and 
d 
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foliate regions and may therefore be homologues of posterior root ganglion 
cells which, like those of the spiral ganglion, have come to lie more peripherally ; 
(b) possible proprioceptive mechanisms in the tongue; (c) the intrinsic salivary 
glands of the tongue in the same way as the parasympathetic ganglia are 
related to the large paired salivary glands; (d) blood vessels, being concerned 


Fig. 1. Fig. 2. 
Fig. 1. Human tongue. Large ganglion adjacent to serous gland and deep to vallate papilla. 
Fig. 2. Cat’s tongue. Ganglion cells in small intramuscular nerve twig. These lie in close 
proximity to the two motor end-plates. Bielschowsky-Gros silver diammine ion stain. 
Untouched photomicrographs. 


with vascular changes, probably vasodilatation, not only in the glands but 
throughout the tongue; (e) the function of the motor end-plates either directly, 
or indirectly through vascular changes in their immediate neighbourhood; 
(f) smooth muscle in the tongue. 

Further investigation is in progress. 
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_ Direct recording of arterial blood pressure in man. By R. S. J. 
Ciarke, F. Durr and I. D. Toompson. Department of Physiology, The 
Queen’s University of Belfast 


It is sometimes necessary, particularly when investigating the mechanism of 
alterations of blood flow, to measure changes in the mean arterial pressure. 
In such cases it is unnecessary to employ a system capable of following rapid 
fluctuations and, indeed, if the mean pressure is to be directly recorded rather 
than deduced from a curve following the pressure changes through the pulse 
cycle, the system must be a slow one. A mercury manometer is convenient 
and adequate for the purpose. 


syringe | 
- To Ludwig 
manometer 
Finger stall 
To syringe for 
adjusting manometer 


A 0-5 mm bore needle is inserted into the lumen of the artery, and connected 
by about 15 cm of 3-5 mm bore polythene tube to a chamber filled with saline 
designed to detect any reflux of blood. This leads to a second chamber con- 
taining a flaccid thin rubber finger-stall which transmits the pressure via a 
water filled tube to a conventional mercury manometer, while providing a 
barrier against infection or the reflux of mercury. A flow of about 1 ml. of 
saline per min delivered from a motor-driven syringe is maintained to prevent 
clotting. All except the mercury manometer is sterilized before use. 

Static calibration. The zero point is found by holding the needle in the 
horizontal plane through the artery, with saline flowing through as during an 
actual experiment. 

Dynamic calibration. The mercury is forced to the 100 mm mark and held © 
there by closing the T tap. Saline is passed through the needle. The tap is then 
suddenly opened and the rate of fall of the mercury récorded. With the system 
used, it takes about 2 sec to fall 50 mm and 4 sec to fall 75 mm. 

As the venous occlusion plethysmograph is not usually employed for making 
observations on flow at intervals shorter than 10-15 sec, the speed of response 
of the manometer is adequate for most purposes. 
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A combination of ergometry and plethysmography for investi- 
gating the circulation through the leg muscles. By E. J. Frnnan 
and J. T. SHEPHERD 


Measurement-of the blood cs aaa the umbilical cord ‘of the foetal 
guinea-pig. By A. D. M. Greenriexp and J. T. SHEPHERD © 


A class experiment on hand calorimetry. By A. D. M. GREENFIELD, 
J. T. and I. D. Taompson 


Equipment for human limb plethysmography. By A. D. M. 
GREENFIELD 


High titre cold agglutination. By G. M. NELSON : 


Histological changes in the liver in experimental siderosis. By J. A. 
Nissim. Department of Pharmacology, Guy’s Hospital Medical School 
Repeated intravenous injections of saccharated iron oxide in total doses up to 
2-16 g Fe/kg, and subcutaneous or intraperitoneal injections of ‘ferric hydroxide 
ferrous ascorbate’ in total doses up to 1-0 g Fe/kg were used in the production 
of siderosis in animals. The animals studied included mice, rats, rabbits and 
guinea-pigs, but the ascorbate preparation was studied only in the last species. 
Some guinea-pigs were given ‘ferric chloride caramelate’ (Nissim, 1949). 
Histological sections were examined after different total quantities of iron, but 
doses of the order of about four times those sath by Cappell (1930) were 

reached in several animals. 

Saccharated iron oxide, first picked up by the reticulo-endothelial cells, was 
later altered into a diffusible form, which could enter parenchyma cells in 
different organs. The ascorbate and caramelate are diffusible preparations, 
and both penetrated parenchyma cells directly, whilst their uptake by the 
reticulo-endothelial cells was much slower. 

With the passage of time a number of organs become saturated with iron. 
Previous workers failed to produce lesions in the body with repeated iron 


injections. This is attributed partly to the smaller amounts of iron used, and 


partly to the nature of the compounds injected. In the present experiments 
the animals receiving the larger doses died some 5-6 months from the first 
injection and showed unmistakable lesions in the liver and sometimes in other 
organs, e.g. kidneys, suprarenals. The clump of reticulo-endothelial foci 
became surrounded and infiltrated with cells of the histiocyte-leucocyte series. 
Gradually, the infiltration extended among the hepatic cells, and in extreme 
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cases these lesions came to resemble lymphomatous masses. The liver paren- 
_chyma showed signs of damage with atrophy of the cytoplasm and nuclear 
pyknosis and karyolysis. The sinusoids became widened and engorged with 
white and red cells. In one rat the damage progressed further, whole liver 
lobules disappeared in certain areas, the giant cell foci and portal tracts 
approximated, and the liver capsule became collapsed and wrinkled. Some 
islands of parenchyma cells were present and a minimum amount of fibrous 
tissue was noted between the reticulo-endothelial clumps, but no true cirrhosis 
with collagenous tracts was evoked. 

Some of the hepatic cells showed intranuclear oval iron-reacting bodies. 
Others showed diffuse staining of their nuclei, often progressing to granular 
_ massive iron impregnation as heavy as that seen in phagocytes. 

Guinea-pigs receiving the iron ascorbate preparation alsoshowed overt damage 
 oftheirliver parenchyma with patches of acute necrosis without fibrosis. Asthere 
were no giant-cell foci, the surrounding white cell proliferation was also absent. 

In all the siderotic livers examined in the present work no true fibrosis has 
been observed. At most there was the small cell proliferation, and it is possible 
that some of them may have been young fibrocytes, but there was no cirrhosis 
comparable to that occurring in haemochromatosis in man, or to that obtained 
with other agents (Himsworth, 1947). 


REFERENCES 


Cappell, D. (1930). J. Path. Bact. 33, 175. 

Himsworth, H. P, (1947). Lectures on the Liver and its Diseases. Oxford: Blackwell Scientific 
Publications. 

Nissim, J. A. (1949). M.D. Thesis, University of London. 


Variations in the appearance of the cells of the guinea-pig brain 
after routine histological methods. By B.G. B. Lucas and Dorotuy 
H. Stranceways. Surgical Unit, University College Hospital, London, 
W.C. 1, and Department of Physiology, The Queen’s University of Belfast 


During an investigation on the effect of anoxia on the guinea-pig brain, varia- 
tions were found in the histological picture of the brain of the control animals 
which have been attributed to the anoxia by many previous workers. In the ~ 
brains which were well fixed the cells were evenly and lightly stained and there 
were few or no pericellular or perivascular spaces. In other brains two varia- 
tions were found, first, shrinkage of nerve cells and blood vessels with the 
production of pericellular and perivascular spaces, and, secondly, the presence 
_ of a variable number of shrunken hyperchromatie cells which appeared to have 
undergone chronic cell change. No explanation was found for the first varia- 
tion, but injury to the brain during its removal was a factor in the 30g 
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of the second. Mechanical damage to the cortex leads not only to localized 
deeply staining cells, but also to cell damage extending for some distance from 
the site of injury. The cells immediately surrounding the injury and extending 
for some distance into the deeper layers of the cortex are small and deeply 
staining and cannot be distinguished from cells which have undergone chronic 
cell change. 

. Surface injury may cause changes in cell structure at a considerable distance 


from the site of injury, and the large pyramidal cells of the Vth layer of the © 


cerebral cortex are particularly vulnerable. This is the layer which is often 
reported as being most affected by anoxia, and it may be that these cells are 
the most fragile and so more nkely to be damaged _ any — be it trauma, 
anoxia or drugs. 


The pilomotor axon reflex. By N. Ampacue and P. A, RoBertson 
Sterols, temperature and metabolism. By James M. O’Connor 


Placental production of glucose and fructose in the sheep. By 


D. Pautine ALExanper, R. D. Anprews, A. St G. Huagerrt, D. A. 


Nixon and W. F. Wippas. Physiology Department, St Mary’s = 
Medical School, London 


Experimental hyperglycaemia i in the pregnant ewe or her foetus causes a slow 
prolonged hyperfructosaemia (Huggett, Warren & Warren, 1951). Using 
glucose labelled 14C it was possible to show that labelled glucose formed labelled 
fructose, even though the rate and quantity of glucose given was such that 
there was no rise in blood glucose (Alexander, Huggett & Widdas, 1951). 


_ This communication describes results following perfusion of the placental 


vessels through the umbilical arteries. The foetus was replaced by a Henry- 
Jouvelet pump. There were two types of perfusion, circulating and non- 
_ circulating or through perfusion. In the former the umbilical vein perfusion 
fluid leaving the placenta entered a reservoir from which it was sucked by the 
pump and returned to the umbilical artery. In the latter the perfusion fluid 
entering the umbilical artery is drawn from a bank of fluid and flows out from 
the placenta into a separate receiving beaker. The perfusion fluid was some- 
times plasma and sometimes heparinized blood. 

The level of fructose under circulating conditions is a dynamic balance 
between fructose formation and utilization by the placenta. If the fructose of 
the perfusing fluid is adjusted to too low a value the placenta brings about a 
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_ rise in concentration and vice versa. Non-circulating perfusion shows that the 
_ tate of formation is constant at 8-13 mg/min in different sheep and relatively 
independent of the maternal glucose level in any one experiment. Hyper- 
glycaemia does not increase the rate of fructose formation under these con- 
ditions. This is in contrast to the rate of glucose collection which does rise with 
elevation of maternal glucose. In the light of these observations it seems 
probable that the slow rise in fructose concentration which occurs in hyper- 
glycaemic experiments with intact foetuses or circulating perfusions may be 
brought about by inhibiting or reducing the fructose consumption. This would 
fit in with Mann’s (1951) findings that glucose is preferentially utilized by 
spermatozoa in glucose-fructose mixtures so that an increase in glucose con- 
centration reduces the fructose utilization. _ | 
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Responses to temperature in the isolated rabbit ear. By I. D. 
Fercuson and N. Levinson. Institute of Physiology, University of 
Glasgow 

Perfusion of the ear through the central artery was commenced within 3 min 

of removal of the ear from the rabbit. Oxygenated Locke’s solution at pH 7-3- 

7-4 containing 0-154 m-Na(Cl, 0-0054 m-KCl, 0-00225 m-CaCl,, 0-000052 m-MgCl,, 

0-00596 m-NaHCO, and 0-000417 m-NaH,PO, was perfused under constant 

pressure (Ferguson & Garry, 1952). The temperature of the perfusion fluid (F;) 

and of the ear environment (F,) could be varied at will. The rate of inflow and 

of weight increase due to oedema were recorded. Forty-six experiments were 
carried out. 
At F,=38° C the inflow rate was initially rapid but then fell quickly to reach 

a minimum at the end of 2 hr. During this period the oedema increased 

_ steadily and rapidly. Thereafter the inflow rate rose steadily while the rate of 

oedema formation decreased. At F,=16° C the initial inflow rate was slow, due 

to an observed spasm of the central artery. Subsequently the inflow rate 

became rapid and remained significantly greater than the inflow at F,=38° C. 

The oedema, meanwhile, increased steadily but only slowly. These charac- 

teristic responses were also obtained in one and the same ear by changing the 

temperature of the perfusing fluid. 
More rapid inflow and greater oedema formation occurred at F,=45° than 
at F,=38° C, but vascular damage was indicated by bullae formation. 

| Perfusion at F,=38° C with an £, artificially lowered from 21 to 16-5° C led 

- to a slightly greater inflow and to a significant reduction in rate of oedema 
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formation. Perfusion at F,=16° with an £, artificially raised from 16 to 
23-5° © led to a significant increase in the rate of oedema formation, but the 
inflow rate was not consistently affected. : 

These results may be explained by postulating that in the isolated ear the 
responses to temperature are similar to those in the intact ear (Grant, 1930; 
Grant, Bland & Camp, 1932; Van Dobben-Broekema & Dirken, 1950). 

We are indebted to the Rankin Medical Research Fund of the University of Glasgow for a 
grant to cover expenses. 
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Acetylcholine metabolism of axotomized sympathetic ganglia. 


By G. L. Brown, H. McLennan* and J. E. Pascoz. Department of 


Physiology, University College, London 
It has already been shown (Brown, McLennan & Pascoe, 1952) that 3 weeks 
after section of the postganglionic nerves (axotomy) of a sympathetic ganglion, 
the ganglion cells are inexcitable by preganglionic impulses. In an attempt to 
explain this loss of function we have investigated the acetylcholine meta- 
bolism of such axotomized ganglia. 

The amount of acetylcholine liberated into the perfusate from the axoto- 
mized cat’s superior cervical ganglion on stimulation of the sympathetic trunk 
was found to fall within normal limits, 

Manometric estimations were made of the cholinesterase in the superior 
cervical ganglia of rats in which the internal and external carotid nerves had 
been sectioned on one side 3 weeks previously. We have found that about 50° 
of the activity was lost in the axotomized ganglion when compared with the 
normal from the other side. This represents a drop in the ‘true’ cholinesterase, 
since ‘pseudo’ cholinesterase, as judged from the hydrolysis of triacetin or 
benzoylcholine, is not present in these ganglia. 

The synthesis of acetylcholine in vitro by the axotomized ganglia, incubated 


in the usual Krebs-bicarbonate medium, is the same as that by the control. 


When the potassium concentration of the medium is raised, which in the 
normal ganglion produces a tenfold increase in the synthesis, no enhancement 
is found in the axotomized ganglion. 
This work was supported by a grant from the Medical Research Council. 
* Fellow of the National Research Council of Canada. 
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Inhibition of activity in single fibres of thé merve. 
By L. C. Taomson 


Renal function before and after birth. By R. A. McCance and 


E. M. Wippowson. M edveal Research Council Department of Experimental 
Medicine, Cambridge 


It is well known that the urine passed immediately after a normal birth is very 
dilute, and that within the next few hours it becomes more concentrated. To 
find out if the low osmotic pressure of the urine passed at birth was due to 
events connected with birth, urines and bloods taken from mothers and babies 
at Caesarian sections have been compared with those taken at normal deliveries. 
No essential differences have been found. The first urines formed after birth 
have also been collected and studied. All the results have been most consistent. 

Examples are ang. in Table 1. 


| 
m.mole/l. A. 
Osmotic 
‘pressure Creatinine Urea Na Cl K 
‘Normal delivery. Full term 
Mother: Serum | 324 0-09 2-7 135 103 5-4 
Urine 640 6-70 117-0 88 113 122-0 
* Baby: Serum 298 0-11 3-6 136 101 9-5 
Urine at birth - 156 0:49 17-2 49 40 4-1 
First urine after birth 324 3-90 125-0 29 23 39-5 
Caesarean section. Premature 
Mother: Serum 338 0-09 3-2 137 107 4-7 
Urine 585 7-00 228-0 98 77-0 
Baby: Serum . 323 0-07 2-7 125 105 8-2 
Urine at birth 118 0-21 8-0 60 Se 4-0 
First urine after birth 151 0-72 29-5 26 25 17-4 
Amniotic fluid : 312 0-09 3-7 124 109 43 


Note. (1) The high concentration of K in cord serum. In other respects, 
including 0.P., there have been no consistent differences. (2) The low concen- 
trations of creatinine, urea and K in infant urine before birth and their rise 
after birth. (3) The moderate concentrations of Na and Cl before birth and 
their fall after birth. These results indicate that per millimole of creatinine or 
urea excreted, and therefore presumably per ml. of glomerular filtrate formed, 
3-5 times more water and about 10 times more Na and Cl are excreted before 
birth than after it. If imbibition of amniotic fluid, which certainly seems to 
take place in utero, is invoked to explain the high excretion of water there, rel- 
atively more of the Na and Cl than of the water in the imbibed fluid must leave 
the foetus through the placenta. 
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The relationship of shivering to respiration. By J. H. Corr and 
R. A. McCance 


The nerve cells of the pig’s circumvallate papilla. By F. Kane. 
Department of Physiology, University College, Cork 

The pig has only two circumvallate papillae: they are large oval structures 
(5x 4 mm), one on either side and between the foliate papilla and the middle 
line. The centre of the papilla is occupied by a large ganglion whose cells taper 
backwards to a nerve of readily dissectable size. This is joined almost im- 
mediately by that from the foliate papilla and by about five twigs from the 
pharyngeal and tonsillar region. Within an inch or so—before crossing the 
hyoid—it has become the main trunk of the glossopharyngeal nerve. A small 
artery supplies the ganglion entering its inferior surface quite separately from 
the main nerve. A number of small groups of nerve fibres leave the ganglion 
and ramify among the surrounding glands of von Ebner. 

The taste buds on the papilla are confined to the vallum wall and vary in 
number from 600 to 1200. In only one case have we found them absent and 
then the ganglion was absent too. The cells of the ganglion are of two kinds, 
one larger, clear and smooth in outline, the other smaller, obviously multipolar 
and tending to be in the tail and periphery of the ganglion. It is possible to 
count the two categories, and in our counts we have followed Gasser & 
Grundfest (1939) in adopting the methods of Hursh (1939). The nerve leaving 
the ganglion has about 700 fibres, and osmic acid and silver preparations show 
the curious feature, which struck Koch (1916) and Zotterman (1935), that it 
consists of a small group of relatively large (8-10) and a large group of very 
small myelinated (2-4,:) fibres. The total of fibres in the [Xth nerve as it 
crosses the hyoid is about 2500 and as it enters the jugular canal about 3000. 

We have cut the nerve to the papilla by two routes—from the skin under 
the jaw, to pick it up as it crosses the hyoid, and by a superficial transverse cut 
through the tongue mucosa behind the vallum. We generally used the simpler 
method. Apart from the classical taste-bud degenerations (Parker, 1922) we 
find degenerative changes in some, but not all, of the larger cells, the small 
being not much affected. A small number (70-150) of the cells of the petrous 
ganglion degenerate. This is about the number which would be affected if the 
coarse fibres of the nerve have their cell bodies there. Degenerative changes 
also show in the upper medulla; fibres on the damaged side going to the 
‘gustatory nucleus’ are clearly degenerated, whilst a part of the nucleus itself 
shows striking changes. Marchi preparations of the upper medulla show an 


interesting crossing of the mid-line by degenerate large fibres which are found 
also at the mesencephalic root of the Vth nerve. 
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Plasma iron levels after the intravenous administration of 
different iron preparations. By J. A. Nissim. Department of 


Pharmacology, Guy’s Hospital Medical School 


Plasma iron levels were studied at 0, 4, 3 and 6 hr after the intravenous — 


injection into rabbits of different iron preparations. Three important factors 
influencing the rate of fall of plasma iron must be considered: (1) precipita- 
tion, including its rate and threshold at which it begins; (2) excretion, 
mainly renal; (3) diffusion into tissues. These factors did not depend on 
valency but on the nature of the whole molecule. 

After the injection of 22-5 and 45 mg Fe/kg of saccharated iron oxide, the 
first levels were 62 and 120 mg % respectively, and corresponded to the cal- 
culated values, on the assumption of even distribution in plasma. Following 
180 and 360 mg Fe/kg the figures obtained were 340 and 500 mg %, cor- 
responding to three-quarters and one-half of the theoretical values respectively. 
Histological study showed abundant iron precipitation, so that one-quarter 
and one-half of the iron precipitates immediately on injection at these 
respective doses. The rate of fall of plasma iron was also more rapid than with 
doses of 22-5 and 45 mg Fe/kg. The plasma iron value of 500 mg % is the 

highest ever recorded. 


Examples of plasma iron levels (in mg Fe %) after intravenous injection of different 
iron preparations (22-5 mg Fe/kg) : 


Sac- Ferric 
Hr __charated Ferric Colloidal fFFerrous Ferric Ferric hydroxide 

after iron Ferric chloride ferric chloride ammonium chloride ferrous 
injection oxide glucosate lactate hydroxide pyruvate citrate caramelate ascorbate 


0 62 65 65 11 42 45 46 22 
4 42 50 61 9 23 17 25 8 
3 28 21-5 41 1-25 5 7 15 4 
6 10 75 12 0-9 2-5 2 8 2 


After intravenous ferric glucosate, abrupt precipitation begins to occur at 
_ lower plasma levels than with saccharated iron oxide, so that after a dose of 
90 mg Fe/kg the first value was only one-half the theoretical. 


Colloidal ferric hydroxide precipitates heavily and immediately, and even — 


after 22-5 mg Fe/kg the first plasma Fe value was only 11 mg. 
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After ferric ammonium citrate, ‘ferric chloride caramelate’ and ‘ferric 
hydroxide ferrous ascorbate’ (Nissim, 1 949), the fall of plasma iron was rapid. 
These preparations did not precipitate, and their disappearance from the 
plasma depended on their urinary excretion and diffusion into the tissues. 


REFERENCE 
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Urinary iron excretion and diffusibility of different iron pre- 
parations. By J. A. Nissim. Department of Pharmacology, Guy’s 
Hospital Medical School 
The amount of iron excreted in the urine of rabbits during the first 24 hr after 
' the intravenous injection of different iron preparations was studied. Correla- 
tion of plasma-iron levels with urinary-iron excretion showed that iron pre- 
parations fell into three groups. The first included compounds like saccharated 
iron oxide, ferric glucosate and ‘ferric chloride lactate’, which showed no 
precipitation at a dose level of 22-5 mg Fe/kg, and a very slow rate of dis- 
appearance from the blood associated with poor urinary excretion. Com- 
pounds of the second group, e.g. colloidal ferric hydroxide and ‘ferric chloride 
pyruvate’, showed rapid fall of plasma levels associated with rapid precipita- 
tion of the iron and poor urinary excretion. In the third group were such 
compounds as ferric ammonium citrate, ‘ferric chloride caramelate’ and 
‘ferric hydroxide ferrous ascorbate’ which showed rapid fall in plasma iron 
associated with high urinary iron excretion and no precipitation. 
TaBtE 1. (a) Percentage urinary iron excretion in first 24 hr after intravenous injection of 


22-5 mg Fe/kg in rabbits. (6) Diffusibility measured as concentration of iron in peritoneal 
fluid after intravenous injection of 90 mg Fe/kg in mice (average of 2-4 animals, mg Fe %) 


Group I Group II Group III 
Saccharated Ferric Colloidal Ferrous Ferric Ferric h xide 
iron Ferric chloride ferric chloride ammonium chloride us 
oxide glucosate lactate hydroxide pyruvate citrate caramelate ascorbate 
(a) 2:5 2-7 1-5 0-27 0-25 161 18-7 27-4 
(b) 0-16 0-2 5-4 4:7 6-9 


The difference in urinary iron excretion between saccharated iron oxide and 
ferric ammonium citrate could not fully account for the difference in rate of 
fall of plasma iron, since this was still observed after renal ligation. As no 
evidence for iron excretion into the alimentary tract was obtained following 
either preparation, it was concluded that there was greater extravascular 
diffusion of ferric ammonium citrate. 

The diffusibility of the various iron compounds was therefore investigated 
using the live peritoneum as the dialysing membrane. Mice were first injected 
with 2-0 ml. physiological saline intraperitoneally. This was followed by a 
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slow intravenous injection of the iron preparation studied (90 mg Fe/kg given 
in 10 min). The concentration of iron in the peritoneal fluid was then measured. 
The averages of figures obtained in 24 mice are given in the table. The three 
most diffusible preparations were those which showed the highest renal 
elimination, and by contrast the diffusibility of saccharated iron oxide, ferric 
glucosates and ‘ferric chloride lactate’ was negligible. 


Accommodation of the human eye in a bright and empty visual 
field. By T. C. D. Wurresivr. R.A.F. Institute of Aviation manone, 
Farnborough, Hants 


An investigation is being carried out to determine whether, in the presence of 


a bright field of vision in which there is no detail to fixate, accommodation can 
be relaxed voluntarily to infinity. The method consists in employing a test 
object which is so small as to be visible only when it is near the point at which 
the eye is focused. This test object consists of a glass plate on which is a regular 
pattern of black spots each of which subtends 4-1’ of arc. The test is observed 
through a +4D lens, by means of which, when the spots are out of focus and 
therefore invisible, the subject is presented with an empty field, the brightness 
of which is 180 foot lamberts. | 2 

The subject views this empty field binocularly although recognition of the 
test object is monocular. The experimental procedure consists in telling the 
subject to ‘look in the distance’ whilst the test object is slowly brought 
towards him. The test object is always suddenly and clearly recognized, 
although the direction from which it comes is unchanged and familiar to the 
subject. The results are calibrated by placing a fixation spot at predetermined 
distances and noting at which point the test objects become visible. 

Ten subjects were examined, and it was found that, although an attempt was 
being made to relax accommodation to infinity, a mean of 1:7D was being 
exerted within 10 sec of looking at a point 12-18 in. away. Progressive 
relaxation took place until after about 45 sec a mean of 1-16D was reached. 
Beyond this there was little improvement in relaxation. The majority of the 
subjects were slightly hypermetropic, the mean value of the far points being 
—0-06D (standard deviation 0-619). 

The problem appears to have some bearing to the findings of Campbell & 
Primrose (1952) that under scotopic conditions there was a failure to relax 
accommodation to infinity. 
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Adrenaline and the forearm blood flow. By R. F. Wae an. 
Sherrington School of Physiology, St Thomas’s Hospital, London 


The sustained increase in blood flow in the normal forearm during continuous 
intravenous infusions of adrenaline (10 ug/min) is still obtained after blocking 
the nerves to the forearm with local anaesthetic and also in the early days 
following surgical sympathectomy. It is not found when the adrenaline is 
infused intra-arterially (1 ug to z¢455 g/min). The sustained dilatation is there- 
fore not due to a direct action of the adrenaline on the vessels, nor is it due to 
a sympathetic nervous reflex response, and it is suggested that a secondary 
hormone release by the circulating adrenaline is responsible. 


Adrenaline as a histamine liberator in man. By J. L. Moncar 
and R. F. WHEtan. Department of Pharmacology, University College and 
the Sherrington School of Physiology, St Thomas’s Hospital, London 

The vasodilator effect of intravenous adrenaline on the human forearm is not 

due to the direct action of this hormone on the blood vessels nor is it a sympa- 

thetic nervous effect (Whelan, 1952). Several workers have shown that 
adrenaline releases histamine from tissues (Koch & Szerb, 1950; Eichler & 

Barfuss, 1940), and Staub (1946) reported an increased plasma-histamine level 

during intravenous adrenaline in man and suggested that histamine release 

might be responsible for some of the cardiovascular effects of adrenaline. 

In ten normal subjects intravenous infusions of 10 and 20yug/min of 
adrenaline were given and the plasma-histamine level estimated by a method 
based on that of Code (1937). No increase in plasma histamine was observed. 

It is therefore concluded that the effects of adrenaline on the circulation 
cannot be explained by a release of histamine into the blood stream. 

An attempt was made to demonstrate that a known histamine liberator 
would have a measurable effect on plasma-histamine level by infusing D-tubo- 
curarine intra-arterially in doses from 0-5 to 5-0 mg/min for 5 min in two normal 
and five anaesthetized subjects. Little effect was produced unless the circulation 
through the limb was arrested for 2 min immediately after injection of the 
D-tubocurarine, when increases up to 80 times the resting level were obtained. 

Infusions of 0-2-2-0 wg/min adrenaline into the brachial artery in four subjects ~ 
produced no change in the histamine level of the venous return from the limb. 
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- Nicotinic actions of m-bromo- and 3:5-dibromo-phenyl ethers 


of choline(M.B.F.and D.B.F.). By N. AmBacueand P. A. Ropertson. 
Ophthalmological Research Unit (Medical Research Council), Institute of 
Ophthalmology, Judd Street, London, W.C.1 
M.B.F. and D.B.F. were first synthesized by Hey (1952); tested on the cat’s 
blood pressure, they were found to have the greatest nicotinic, activity of 
any compounds examined hitherto being 4-5 times more powerful than 
nicotine. The action of M.B.F. and D.B.F. has now been investigated on the 
following preparations: 

(1) Superior cervical ganglion (cats). Nictitating membrane records show 
that ganglionic stimulation can be obtained by 
injecting as little as 0-lug M.B.F. or 0-05yg 
D.B.F. into perfused ganglia. Larger doses 
produce a reversible block to preganglionic 

(2) Skeletal muscle. Both ethers contract the 
sphincter iridis in the pigeon and the frog’s 
rectus abdominis; the action on the latter is 
abolished by pD-tubocurarine. 

(3) Rabbit tleum. M.B.F. regularly elicits 
longitudinal muscle contractions which are 
abolished by hexamethonium. The response to D.B.F. is also motor, but 
with higher doses there is a mixture of motor and inhibitory components in the 
response. More extensive use has therefore been made of M.B.F., which is 
0-5-2 times as active as nicotine. Increasing doses may produce a diminishing 
effect, and may be followed by a depression of the contraction to a fixed dose 
of nicotine; both observations suggest a second, ‘paralytic’, or blocking, type 
of action like that of nicotine. 

In preliminary experiments the motor response to M.B.F. has been greatly 
reduced, abolished, or even reversed (in five out of seven experiments) by 
botulinum toxin; the ‘reversed’ or inhibitory action of M.B.F. is abolished 
by hexamethonium. 

These results suggest that the motor effects of M.B.F. arises ‘indirectly’, 
but whether this indirect action is purely ganglionic or whether the motor 
nerve endings in the gut are also involved (by an axon reflex mechanism) 
remains in doubt in view of the following observations which illustrate the 
‘axonic’ action of these compounds. 

(4) Skin; pilomotor axon reflex. Several nicotine-like substances evoke pilo- 
motor axon reflexes in the human skin (Coon & Rothman, 1940). M.B.F. 
(0-3 wg intradermally as in the figure) and D.B.F. do the same; hexamethonium 
abolishes this ‘axonic’ effect and that of nicotine. Higher concentrations of 
the ethers block the effect of nicotine. 
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The influence of cortisone on the plasma proteins. By E. F. 


McCartTuy 


The effect of local temperature on blood flow in the human foot. 
By M. J. Atuwoop and H. 8. Burry 


Cardiovascular reflexes in the foetal guinea-pig. By A. D. M. 
GREENFIELD and J. T. SHerHEeRD. Department of Physiology, The Queen’s 
University of Belfast 


Observations have been made on forty-nine guinea-pig foetuses examined as 
described by Shepherd & Whelan (1951). Arrest of the blood flow in the umbili- 
cal veins of mature foetal guinea-pigs causes gradual slowing of the heart, 
often with a latency of only 2-3 sec. Arrest of the maternal uterine circulation 
causes similar slowing, but with a latency of 7-8 sec. Both effects are abolished 
by injecting atropine into the foetal circulation, and both are distinct from the 
heart block of sudden onset seen after prolonged occlusion of the umbilical or 
uterine vessels whether or not atropine has been used. Gradual slowing is also 
caused, but with a delay of about 23 sec, by administration of 6% oxygen, but 
not of 7-8% CO,, to the mother. These findings suggest that the slowing is 
provoked by the effect of anoxia on some foetal chemoceptor. The view that 
chemo- rather than baroceptors are involved is supported by the finding that 
occlusion of the umbilical veins alone produces an effect indistinguishable 
from occlusion of both arteries and veins, although the pressure changes must 
be very different in the two cases. 

Bauer (1938) was able to detect a similar reflex in the rabbit 4 days after, 
but not before, birth. In the foetal sheep (Bauer, 1937) the reflex develops late 
in prenatal life. In the guinea-pig the reflex develops in the last third of foetal 
life. The guinea-pig, like the sheep, is born in a very mature state, and the 
results presented here are consistent with the view that the development of 
the reflex is related to general foetal maturity rather than to the time of birth. 


REFERENCES 
Bauer, D. J. (1937). J. Physiol. 90, 25P. 
Bauer, D. J. (1938). J. Physiol. 98, 90. 
Shepherd, J. T. & Whelan, R. F. (1951). J. Physiol. 115, 150. 


‘ 
M 
: 
Pe 
t 
a 
, 
r 
4 
Pp 
1! 
R 
4 
4 
( 
4 t 
t 
I 
hy 
4 


SOCIETY, 10-11 SEPTEMBER 1952 69 P 


- Vascular responses in persons with high serum titres of cold 
agglutinins. By R.' J. J. T. and I. D. 
Taompson. Department of Physiology, The Queen’s University of Belfast 


_ Persons whose serum has a high titre of cold agglutinins are unusually liable 
to develop numbness and cyanosis of the digits and other parts on exposure 
to local cold. Reversible intravascular haemagglutination has been observed 
in the conjunctival vessels when these are cooled (Iwai & Mei-Sai, 1925; Stats 
& Bullowa, 1943), and it is likely that similar changes occur in the digital 
_ vessels. It has been suggested, however, that vasospasm plays a part in reducing 
the blood flow (Carey, Wilson & Tamerin, 1948; Kramer & Perilstein, 1951). 
We have examined the responses of the hand circulation to local cold in two 
persons whose serum at 0-10°C has a cold agglutinin titre of 1:20,480. 
Vasomotor tone was reduced by immersing the feet and legs in a stirred water- 
bath at 42-44°C and wrapping the subject in blankets (Gibbon & Landis, 
1932). The circulation to both hands was then arrested and one hand exposed 
to water at 10°C. On release of the circulation 10-15 min later there was 
_ practically no flow through the cooled hand. 
_. These responses have been compared with those obtained in patients 
suffering from Raynaud’s disease, in whom spasm of the digital arteries occurs 
| on exposure to local cold (Lewis, 1929). In these patients a high blood flow was 
_ maintained through the cooled hand. | 
In addition, patients with Raynaud’s disease show the normal large increase 
in blood flow in the fingers when these are immersed in water at about 1° C 
(Thompson, 1952, to be published). In one of the persons with cold agglutinins 
there was no increase at all. 
These results can be adequately explained by supposing that the vessels of 
the patients with cold agglutinins become blocked with agglutinated red cells. 
It is unnecessary to postulate that the vessels themselves behave abnormally. 
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: The response to acetylcholine and histamine of the blood vessels 
| of the human hand and forearm. By F. Durr, A. D. M. GREENFIELD 
and I. D. THompson 
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